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Abstract

After a brief introduction of the role of shell effects in determining the limiting
nuclear masses, the experimental investigation of the decay properties of the
heaviest nuclei is presented. For the production of superheavy nuclides fusion,
reactions of heavy actinide nuclei with *Ca-projectiles have been used. The
properties of the new nuclei, the isotopes of elements 112—118, as well as of
their decay products, together with the known data for the light isotopes with
Z < 113, give evidence of the significant increase of the stability with the
neutron number of the heavy nucleus. The obtained results are discussed in
the context of the theoretical predictions about the ‘island of stability’ of the
hypothetical superheavy elements.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Only 278 nuclides out of about 3000 hitherto known are found in nature. The change of
the proton-to-neutron ratio in stable nuclei generates, as it is well known, their radioactive
decay. The neutron excess in nuclei leads to decrease of the neutron separation energy; the
limit comes at B, = 0O (the neutron drip line). Similarly, the zero proton separation energy,
B, = 0 (the proton drip line), determines the limit of existence of proton-rich nuclei. Another
limitation is the extreme nuclear mass, which is defined by the probability of spontaneous
fission. In fact, when the fission barrier vanishes (B; = 0), the nucleus thoroughly loses its
stability even with respect to small variations of the nuclear shape, which in turn brings forth
fast division into two fragments (Tsp ~ 10~'% s). In the macroscopic approach (the liquid-drop
model is a typical example), which for a long time has been used to describe the nuclear
masses in the ground and highly deformed states, spontaneous fission dominates already in
nuclei with Z 2/A > 39 [1, 2]. This decay mode defines the extreme masses of the heaviest
nuclei, as well as the limits of existence of the chemical elements (71, > 10~'# ). In this
model, the limit of existence of nuclei is located practically immediately after Z ~ 100 [1].
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Figure 1. (a) Fission barrier heights as a function of the fissility parameter x = (Z2/A)/(Z%/A)erit
[5] at (Z2 /A)crit = 50.883. The black points are experimental data, the solid line is calculations in
the liquid-drop model [3, 6], crosses are calculated fission barrier heights in the macro-microscopic
model for the isotopes of elements 114 and 116 [7], the open squares are nuclei, produced in the
242,244py | 245:248Cm + “8Ca reactions. (b) Half-lives with respect to spontaneous fission as a
function of the fissility parameter x. The black points and the open circles denote experimental
values Tsp(exp) for spontaneous fission of even—even nuclei from the ground and isomeric states.
The dashed line is an extrapolation into the trans-actinide region before the synthesis of heavy
nuclei in heavy-ion-induced reactions (macroscopic concept). Crosses are calculated values Tsg(th)
in the macro-microscopic model for even—even isotopes of elements 114 and 116 [7], open squares
are nuclei, produced in the reactions 242.244py 2452480 4 48Ca, black squares are isotopes for
which the SF-half-lives have been measured.

At the same time, it has been observed that in the binding energy of nuclei in their ground
state, even for spherical nuclei, there are large fluctuations depending on the proton or neutron
number (nuclear shells).

This was illustrated long time ago by comparison of the liquid-drop model calculations
with experimental masses and fission barriers for the known relatively heavy nuclei with
160 < A < 260 (see, for example, [3, 4]). The experimental masses were found to differ from
the calculated ones both for the spherical nuclei close to 2°®Pb and for the rather deformed
actinide nuclei with Z > 90. Another question is to what extent the nuclear structure at the
ground state will manifest itself at large deformations in the fission process.

Already the first calculations of the nuclear potential energy surface in the macroscopic
approximation revealed the difficulties standing in the way of describing many of the
experimentally observed characteristics of nuclear fission. A strong disagreement is found
in the fission barrier heights (figure 1(a)) and in the probabilities of spontaneous fission
(figure 1(b)) which, as it is well known, is determined not only by the height, but also by the
shape of the fission barrier. The smooth reduction of the liquid-drop fission barrier height with
the increase of the fissility parameter x ~ Z?/A cannot explain the variations of the fission
barriers of heavy nuclei, namely the two times higher barrier in *®Pb (B; ~ 28 MeV) and
the practically unchanged fission barrier heights in the isotopes of the actinides from U to Fm
(B ~ 6 MeV). As aresult, the partial spontaneous-fission half-lives T'sg(th) strongly differ from
Tsr(exp), see figure 1(b). In macroscopic approaches it is impossible to find an explanation
of the nuclear shape isomerism [8], which manifests itself in heavy nuclei as 33 SF-isomers
[9], as well as of the strong change in Tsg for the actinide isotopes at small variations of
their nucleon composition [10] and many other effects, which have been seen in different
experiments.
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1.1. Theoretical concept

Based on the saturation property and low compressibility of nuclear matter an analogy has
been suggested with a charge liquid droplet. Since then, the main field of application of the
liquid-drop model (LDM) has been the description of the average properties of the nuclear
masses and deformation energies. The attempts to extend the analogy between the nucleus
and a liquid droplet to get some information about the dynamic properties of nuclear matter
(by assuming an irrotational and incompressible collective flow in the nucleus) have not been
successful.

The reason is that the macroscopic description completely neglects the effect of non-
uniformities in the distribution of nucleons in phase space that depend on Z and N and are,
therefore, unique for each nucleus. It had become obvious that the macroscopic approaches
needed corrections to the ‘smooth’ dependence of the nuclear potential energy by means of
the shell model [11, 12], which predicted the gaps in the single particle level distribution
corresponding to the magic numbers...50, 82, 126. From the point of view of nuclear
stability with respect to spontaneous fission, there is the question concerning the changes of
the shell effect with the increase of deformation.

The main achievements of the macro-microscopic theory are connected with the
development of the method of calculating such corrections for the ground and highly deformed
states [13, 14] based on the Nilsson or Wood—Saxon single particle potential to the smooth,
macroscopic part of the energy. The concept of nuclear shells is here defined as a large-scale
non-uniformity in the energy distribution of the individual particle states near the Fermi energy
[15] directly connected to the nuclear binding energy. In such an approach, the model corrects
the energy according to the nuclear structure (effect of nuclear shells, pairing), based on the
calculation of the nuclear levels [16, 17].

In many publications (e.g., see the reviews [15, 18-20] and references therein), a number
of the existing disagreements between the macroscopic (liquid drop) model and experiment
were explained by taking into account the shell effect when calculating the nuclear energy.
One important consequence of these calculations was the disclosure of a significant gap in
the spectrum of low-lying levels in the region of the hypothetical superheavy nuclei, namely
of a new (following N = 126) closed spherical neutron shell N = 184 [21-23]. It was also
shown that the considerable variations of the binding energy of spherical nuclei were due
to the nuclear shells and that shell effects might also be present in deformed ‘magic nuclei’
(deformed shells) [13—15, 24]. And finally, at further and quite significant increase of the
deformation arising in fission, the shell effects continued to play an important role in defining
the potential energy and the nuclear inertial masses [15, 25].

In the region of heavy nuclei with A > 200 that concern us, the agreement with
experimental ground-state masses and deformations was obtained by taking into account the
closed spherical shells Z = 82 and N = 126 (AEghn = —14.3 MeV) and the deformed shells
Z~100and N = 152 (AEgpen = —5.2 MeV) [26]. These shells are responsible for the variations
in the fission barrier heights (figure 1(a)) and shapes (like the two-humped fission barriers of
actinides) and, hence, for the nuclear stability against spontaneous fission. They qualitatively
reflect the variations of Tsg(exp) versus Z and N in the region of the actinides, including
SF-isomers (figure 1(b)), bimodal spontaneous fission of neutron-rich Fm—No isotopes and
many other regularities in the properties of spontaneously fissioning nuclei.

When moving into the region of heavier nuclei, as shown in figure 2, the variation of the
amplitude AEgp(Z, N) evidences the appearance of new closed shells Z = 108, N = 162
(AEshen=—7.2MeV)and Z =114, N = 184 (AEspen = —7.2 MeV) [24, 26]. Nuclei, situated
in close proximity to the N = 162, as well as to the N = 152 shell, in the ground state have
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Figure 2. The map of the shell corrections AEg; to the nuclear macroscopic potential energy
[24, 26]. The numbers at the contour curves correspond to the amplitude of the shell correction
(in MeV). Crosses denote nuclei with Z > 104, obtained in cold fusion reactions, open circles in
Act. + *¥Ca reactions.

a large enough deformation (8, ~ 0.24). In the region of heavier masses, nuclei with N =
184 similarly to the ‘magic nucleus’ 2%®Pb (N = 126, Z = 82) are spherical. The properties
of the nuclei change significantly depending on the effect of the new shells. The strongest
difference is observed for heavy nuclei with Z > 100, where By(LD) ~ 0. The sum of the
smooth part of the deformation energy E,;(LD) and the shell correction AE,(Shell) brings
forth the appearance of a fission barrier with height roughly equal to the magnitude of the
shell correction. For the heaviest nuclei with Z = 112—-114 and N = 180-184 (see figure 1(a)),
the fission barrier height may amount to B; > 6 MeV (higher than for >**U). Therefore, the
partial spontaneous-fission half-lives, as shown in the calculations of [7], increase up to almost
109 years. Then, Tsg exceeds the estimates of the macroscopic models by a factor of 10°°! Less
striking, but also quite strong, is the effect expected for deformed nuclei with Z = 106—108 and
N ~ 162; the effect of the deformed shells suppresses the probability of spontaneous fission
by a factor of >10%,

Here an interesting situation arises. Because of the high stability with respect to
spontaneous fission, the heaviest nuclei will undergo «- or B-decay (T, Ty < Tsg). The
energy and probability of these decays will depend on the ground-state nuclear masses; they
can be calculated within theoretical models, based on different concepts about the fundamental
properties of nuclei. From this point of view, the experimental results, obtained in the
mentioned region of strong effects of the new nuclear shells, are very informative for testing
the theory.

As follows from the calculations, the shell effect considerably increases the stability of
heavy nuclei relative to «-decay. For the magic nuclei N ~ 184 with Z = 112 and 114,
according to [7], T,, amounts to 10°sand 107 s, respectively. The deformed nucleus (Z = 106,
N = 162) will have T, ~ 10° s.

In this way, without going into details and not neglecting some uncertainties in the
theoretical predictions (quantitatively, the results of different calculations vary), we have an
alternative to the macroscopic approaches which concern the determination of the extreme
nuclear masses. Contrary to the smooth variation of nuclear binding energy leading to
considerable loss of stability, when going into the region Z > 100, strong energy variations
occur due to the nuclear structure. The theoretical predictions for the new shells, which in fact
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are not too far from the well-established region of the actinides (it is a question of nuclei with
mass ~290-300), push far away the limits of nuclear masses and extend the region of existing
elements at least as far as Z ~ 120 and even more.

Earlier as an illustration we mentioned the calculations of the macro-microscopic models
(MMM). Other, purely microscopic self-consistent approaches to the description of nuclear
binding energies, such as the Hartree—Fock—Bogoliubov (HFB) model with effective density-
dependent interactions (with zero range forces of Skyrme type [27-31] or finite range forces
of Gogny type [32-34]) and the relativistic-mean-field (RMF) theory (based on an effective
Lagrangian containing both nucleonic and mesonic degrees of freedom [35, 36]), also predict
significant increase of the binding energy of heavy nuclei at N ~ 162 and N = 184. It seems
the conclusion that in the region of superheavy elements one may expect a strong influence of
the above-mentioned nuclear shells follows from all microscopic models. In models such as
HFB, the description of the experimental masses in a wide region of heavy nuclei is obtained
by choosing suitable forces. Among them, as shown in [37], the best agreement in the known
region of the heavy nuclei is achieved in the HFB-Sly4 calculations [27] and in the model with
Gogny DIS forces [38]. For superheavy nuclei depending on the choice of parameters, the
calculated energies, shapes and fission barriers somewhat differ from each other. However, in
most cases, the nuclear binding energy is bigger and the fission barriers are noticeably higher
than in the predictions of the MM-model [39]. Like the MMM-calculations, in microscopic
models the maximum shell effect at the N = 184 spherical shell closure is expected, but for
nuclei with a higher number of protons: Z = 120, 122, 124 or even 126 [40-42]. We shall
present a quantitative comparison of the calculations within different models and in different
versions in the last paragraph of this review together with the comparison of the experimental
results.

The above-mentioned uncertainties in the quantitative estimations of the nuclear shell
effects do not change the general conclusion of theory that in the large interval of masses from
250 to 320, an ‘island of stability’ may arise, considerably changing the limits of existence of
atomic nuclei.

The theoretical studies of the properties of the heaviest nuclei, which have been carried
out during the past 40 years and have undergone intensive development during the very recent
years, are nowadays an enormous domain of modern nuclear theory. It is not our aim to discuss
in detail the concept and conclusions of the different models and the outcoming quantitative
descriptions of mass, deformation, energy levels, etc of all known nuclei. The more so, we
are not going to discuss their advantages or shortcomings. Such an analysis has been done in
some reviews written recently [37, 43, 44]. Of main interest to us are the basic consequences
of these models which concern the properties of the heaviest nuclei; in fact, from the point of
view of their experimental verification, this is the main purpose of the present review.

1.2. Experimental approaches

In order to be able to estimate the real feasibility of such experiments, it is necessary to
understand at what distance from the known regions are the hypothetical nuclides to be looked
for and what are the scales of any changes in their structure (the shell effects) that are to be
found experimentally.

First of all we should note that the new ‘magic nuclei’ possess considerable neutron
excess. For the products of heavy-ion reactions the neutron excess will be notably smaller.
This will, in turn, lead to a decrease of the shell effect and to loss of stability. In figure 3,
as contour plots, we have shown the calculated half-lives and decay modes of nuclei with
different proton and neutron numbers [45, 46]. It can be seen that a significant increase of
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Figure 3. Contour map of the calculated half-lives as Log 77,2 (in seconds) and decay modes of
nuclei with different proton and neutron numbers (after [47]). The left graph refers to even—even
nuclei, the right one to even—odd nuclei. The regions corresponding to different decay modes are
shown in different colours. The consecutive decay of nuclei, produced in cold fusion and Act. +
48Ca reactions is also shown (see the text for details).

stability may be expected in the regions around the magic nuclei. The remarkable success
in the past few years achieved in the synthesis of heavy nuclei in cold fusion reactions is
related basically to isotopes in the vicinity of the N = 162 shell, mainly at N < 162 [47]. The
decay properties («¢-decay energies and half-lives, as well as spontaneous-fission half-lives) of
practically all synthesized nuclei up to the heaviest one (>’7112) are well explained by model
calculations reflecting the effect of the deformed shells Z = 108 and N = 162.

But in order to probe the effect of the next, spherical shells, which influence a much wider
charge and mass region of heavier nuclei, it is necessary to synthesize nuclei with Z > 112 and
N > 172. This is hard to achieve in cold fusion reactions. One of the key questions pertains
to the production of new ‘magic’ nuclei in heavy-ion-induced reactions. The withdrawal from
the well-studied cold fusion reactions, which have been used for a long time to synthesize
the heaviest elements, and the choice of new reactions, in particular, hot fusion reactions
with massive nuclei, need a separate investigation. The low yield (in all earlier attempts only
upper limits of cross sections were obtained [48—54]) and the rather limited information on
the reaction mechanism in the new, yet unknown region of heaviest nuclei made it necessary
to carry out a series of additional experiments. The setting up of experiments aimed at the
fusion of nuclei with different mass ratios in the entrance channel is presented in this review.
Comparative analysis of the experimental data obtained in cold and hot fusion reactions is
discussed in the section ‘Reactions of synthesis’. We shall come back to this issue in the
section ‘Discussions’, after the cross sections of the production of evaporation residues in
fusion reactions of “*Ca with actinide nuclei have been shown.

From the calculated partial half-lives Ty, Tgc, g and Tsg, as shown in figure 3, we may get
an impression of the scenarios and the decay properties of the heaviest nuclei depending on Z
and N. It is seen that in the new regions, due to the considerable increase of nuclear stability
relative to spontaneous fission, the nuclei will undergo «-decay. The consecutive «-decays
will follow until the shell effect weakens and spontaneous fission becomes the main decay
mode. In the region of N < 162 this is observed for even—even isotopes [47]. In the case
of odd nuclei, due to the large hindrances to spontaneous-fission «-decay may occur down to
long-living nuclei without competition from spontaneous fission. In fact, this is also observed
in the experiments. For the heavier neutron-rich nuclei, the decay sequences of both even and
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odd isotopes will end by spontaneous fission. The total decay time will be then determined to
a great extent by the neutron number of the parent nucleus. When approaching the N = 184
shell, we may expect a strong increase in the decay time.

The experimental setup for separation of the evaporation residues from a huge amount of
by-products, the characteristics and operation mode of the cyclotron—separator—detector array,
the analysis of the background sources and random coincidence probabilities in the sequential
decays of the evaporation residues are presented in the section ‘Setting of experiments’.

The characteristics in the observed decay sequences are presented in the section
‘Experimental results’. In this section, the issues connected with the identification of nuclei
in the new region are also considered. The transition to the neutron-rich side leads, as seen
from figure 3, to nuclei with new, previously unknown, properties. The recently widely used
method of identification of neutron-deficient nuclei by means of the known final product in the
decay chain of parent nuclei is not applicable here. In this section, we present the experimental
results and perform the analysis (including those from chemical experiments) of the data so
as to determine the atomic and mass numbers of the synthesized nuclei.

The comparative analysis of the decay properties of the new nuclides with the energy and
half-lives of «-decay and spontaneous fission, obtained in a wide region of nuclei, as well as
their consistency with the theoretical predictions, are given in the section ‘Discussions’.

Finally, starting from the performed experiments and the acquired data we briefly discuss
the perspectives of further investigations in the field of synthesis and studies of the nuclear
structure, spontaneous fission and chemical properties of the heaviest nuclei. In the same
brief manner we discuss the search for superheavy elements in nature, an issue to which
many investigations have been lately dedicated (see the review article [55] and references
therein).

2. Reactions of synthesis of superheavy nuclei

It is known that elements heavier than plutonium were synthesized mostly in (n, y) reactions
by successive capture of neutrons in long expositions at high-flux nuclear reactors. The high
capture cross sections for thermal and resonance neutrons, followed by consecutive 8 ~-decays,
made it possible to synthesize new elements with atomic numbers up to 100 [56]. The mass
limit was set by the isotope 2’Fm. The chain of sequential neutron capture was blocked by
the short-lived isotope 2*Fm (Tsg &~ 0.3 ms) [57]. The following attempts to overcome this
constraint by means of the much higher pulsed neutron flux in nuclear explosions were also
limited by the observation of 2’Fm. Perhaps, this is a matter of history, but the first attempts to
penetrate the region of superheavy elements were undertaken with neutron capture reactions
[58].

The transition from neutron- to heavy-ion-induced reactions considerably complicated
the problem of the synthesis of new elements, first of all from the technical point of view. The
small cross sections, the short half-lives of the synthesized nuclides, the significant decrease
of the luminosity of the experiments and the considerable increase of the background from
by-products called for a radical change of the approaches to the synthesis of new elements.
Along with this, the physical issue of the interaction of massive nuclei, leading to the formation
of heavy and particularly superheavy nuclei, is far from being clear even today. Because of
this, without claiming to analyse all modern views on this problem, we shall try to motivate the
choice of reactions, which have been used for the synthesis of superheavy elements. We shall
consider the fusion process and point briefly to some other reactions that were investigated
and even used several times to synthesize heavy nuclei, but proved to be useless where the
superheavy elements were concerned.
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Figure 4. (a) Excitation energy at the Coulomb barrier of the compound nuclei Fm and No as
a function of the projectile mass. (b) Experimental fission cross sections (open circles) in the
208pp + 48Ca reaction [66-68] and cross sections of the xn-evaporation channels in the 206p 4
48Ca reaction (black symbols) [62], obtained at different compound nucleus excitation energies.
The dashed and solid lines are results of calculations [69] (see also calculations in [70]).

In the standard fusion theory, tested in many experiments with light projectiles (from
“He to 26Mg), the evaporation-residue cross section, ogyr(E,) = X0 ,(E,), is determined by
the cross section for the formation of the compound nucleus with excitation energy E, and by
the probability of its survival, P.,(E,), during de-excitation by emission of x-nucleons (for the
heavy nuclei—mainly neutrons) and y -rays:

an(Ex) = ocn(Ey) - Pxn(Ex)~

It is then assumed that for all collisions with £ < €, fusion (amalgamation of the
interacting nuclei) takes place automatically in a very short time after overcoming the Coulomb
barrier. Indeed, if the nuclear attractive force were stronger than the Coulomb repulsion, this
simple fusion pattern would be quite defensible. The reason is that at contact, the size of the
contact area (sometimes called ‘the neck’ or ‘contact window’) increases faster than the other
degrees of freedom. The potential energy of the formed nuclear system with summed mass is
higher than the compact shape near the ground state.

The difference in mass of the initial nuclei Ap, A7 and the final nucleus Acy = Ap + Ar
defines the excitation energy of the compound nucleus E,. The minimum value of E, at the
reaction Coulomb barrier B¢ is

EM™ = Bc - Q.

with O =Mcn — (Mp + My).

It is easy to show that E;‘i“ depends on the masses of the interacting nuclei: when the
mass ratio Ap/Ar decreases, the excitation energy E, increases (in turn, the Coulomb barrier
rises), but further decreases with increasing Q (figure 4(a)). The first experiments revealed
the advantages of cold fusion reactions compared to the asymmetric hot fusion ones for the
production of heavy nuclei with Z > 100 [59, 60]. The advance to the nuclei with closed proton
or neutron shells leads to an additional reduction of the excitation energy EQ““. It has been
shown that when the two magic nuclei 2°*Pb and *8Ca fuse (figure 4(b)), the maximum cross
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sections for evaporation residues are reached in the channels with small number of evaporated
neutrons (x = 1-3) [61-64].

Since 1974 the cold fusion reactions 2®Pb, 2°Bi + massive projectile (Ap > 50) have
been used in the synthesis of the heaviest elements. In reactions of this type, with practically
the same target mass (*%8Pb or 2"Bi), the increase of the atomic and mass numbers of the
evaporation products is entirely connected with the increase of the mass (charge) of the
projectile. When the projectile becomes more and more heavy, the excitation energy of
the compound nuclei decreases (down to E, &~ 15-10 MeV) and the transition to the ground
state takes place by the emission of only one neutron and y-rays [65]. As a result, the
survivability of the compound nucleus P,,(E,) significantly increases, this being the main
advantage of the cold fusion reactions.

Another peculiarity of this type of reactions is that fusion of the stable nuclei ***Pb or
209Bi with stable isotopes from >*Cr to 7°Zn as projectiles leads to the formation of compound
nuclei with small neutron excess: ANcen = Ney — Zen = 50-54. The evaporation residues are
some 10—15 mass units shifted from the B-stability line. This, in turn, leads to a considerable
decrease in their half-lives.

Both factors lying at the basis of the cold-fusion reaction method, namely the production
of intense beams of ions with Ap > 50 and the necessity to use fast techniques for separation
and detection of the new nuclei, considerably changed the setting up of experiments aimed at
the synthesis of new elements. A successful way to solve the problem was found in 1975 at
GSI (Darmstadt) with the heavy-ion accelerator UNILAC and the separator SHIP, which was
capable of separating in-flight, for about 10 us, the atoms of the new elements among the huge
background caused by reaction by-products. Finally, in cold fusion reactions the six heaviest
elements with Z = 107-112 were synthesized for the first time. A detailed description of the
experiments and the analysis of the obtained data can be found in the original publications and
reviews [65, 71, 72], which have been written during the last 20 years of studying the heaviest
elements. At present, at RIKEN (Tokyo) experiments on the synthesis of element 113 in the
209Bi + 7Zn reaction are being performed and first results have been obtained on the decay
properties of the isotope 278113 [73].

Going back to the question of the fusion of massive nuclei, let us look at the cross sections
of the evaporation products, measured in cold fusion reactions. As can be seen from figure 5,
the cross section o ,(Zcn)—of the main channel of the synthesis reaction—exponentially
decreases with the increase of Zcy. When Zcy changes from 102 to 113 the cross section
decreases almost by a factor of 107. The further advance into the region of Z > 113 seems
to be problematic, because the experiments on the production of element 113 are carried out
today at the limit of experimental sensitivity. The observed strong decrease in the cross section
with the increase of Zcy in cold fusion is evidence that strong obstacles arise on the way of
formation of the cold compound nucleus itself.

Obviously, the mechanism of fusion of massive nuclei, such as 208pp and 707, significantly
differs from the above-considered simple scenario of formation of compound nuclei using light
projectiles just by a substantial (more than twice) increase of the Coulomb repulsion between
the interacting nuclei. The exchange of nucleons at the contact point and the following
formation of a composite system of summed mass are far from guaranteeing its evolution
to a more compact shape near the ground state. This transition is the result of a complex
collective motion of the system in conditions of strong Coulomb repulsion. As an illustration,
the calculated potential energy surface of the 28112 nucleus is presented in figure 6(a) at
fixed deformations of the fragments; the trajectory from the touching point of the two nuclei
208Pb and 7°Zn to the compact shape of the compound nucleus is indicated. It can be seen
that the motion in the direction of decreasing deformation is connected with the increase of
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208pp and 2°Bi target nuclei with different projectiles (indicated in the figure) as a function of the
compound nucleus atomic number [65, 73]. The dashed line is drawn to guide the eye.
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Figure 6. An illustration of the possible trajectories of collective motion of the nucleus on the
potential energy surface [74] as a function of the deformation corresponding to the nuclear shape
evolving from the touching point to the compact configuration of the compound nucleus. For
convenient visualization, the calculated nuclear potential energy is shown at fixed deformations of
the fragments. (a) 278112—in the cold fusion reaction 2°8Pb + 79Zn, (b) 29°116—in the reaction
248Cm + *8Ca.

the potential energy of the system. The heavy nuclear system with large deformation hardly
can overcome this potential barrier solely by shape fluctuation (Pgy, < 1). The amplitude
of the fluctuation, in turn, depends on the dynamical properties of the nuclear system and its
temperature. The rise of the temperature is disastrous, because cold fusion stops being ‘cold’
and loses its basic advantage—the high survivability of the compound nucleus.

Now, the process of formation of the evaporation residues takes place via three stages:
capture, motion along the collective trajectory, survival [74—76]; the resulting cross section is
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Figure 7. (a) Calculated cross sections for sticking (formation of a mono-nucleus) are denoted by
triangles, compound nucleus by squares and evaporation residues at energies corresponding to the
maximum cross sections of the 1n-evaporation channel (experimental points) by circles [65]. The
solid lines are drawn through the calculated values. The data are taken from [75]. (b) The same
presentation as (a), but for the Act. + *8Ca reactions at fixed excitation energy of the compound
nucleus E, = 35 MeV, based on calculations from [74] and on the experimental cross sections
presented in the figures 17, 19-21 and 23.

defined by the product:

OEVR = Ocapt * den « Py

Transport models, describing the stage of collective motion in different assumptions about
the dynamical properties of the nuclear system, indicate a strong decrease of Py, with the
increase of the proton number. The results of calculations for o ¢y, obtained in [75] for the
reactions 2%Pb, 2°Bi + *3Ca, °°Ti, ... ,’%Zn at E,, corresponding to the maximum cross section
0, are shown in figure 7(a).

The last stage—the survivability of the compound nucleus in the mentioned reactions—
is defined by the probability for its de-excitation by emission of a neutron and y-rays in
competition with fission. The probability P, ~ [I",/(I', + I'y)] - P,, was also calculated in
[74-77] for a given neutron binding energy B, and fission barrier height By, taking into account
shell and pairing effects on the level densities of the excited nucleus. Although the theoretical
models describe rather qualitatively and less quantitatively the process of cold fusion, they
give a physical picture of the collective motion of heavy nuclear systems and the dynamical
hindrances arising on the path of formation of extremely heavy nuclei. From this point of view,
we can estimate and finally find the way to synthesize heavier (superheavy) nuclei, situated
near the closed spherical shells N = 184 and Z = 114 (or 120, 122).

Unfortunately, the forecasts for cold fusion reactions are not optimistic because of two
reasons: the increase of the projectile mass (Ap > 70) will lead to further considerable decrease
of the cross section (see figure 7(a)), and the evaporation products have small neutron excess.
Indeed, the cross section of the reaction 2*®Pb("°Ge, 1)**3114 for the synthesis of element 114
will amount, by extrapolations, to o, < 0.05 pb; the isotope 283114 will have 169 neutrons,
while the rise in nuclear stability, according to theoretical predictions (see above), is expected
at N > 170-172. Obviously, for the synthesis of nuclei with Z > 114, it is necessary to look
for other approaches.

In order to decrease the factors hindering fusion, it is desirable to make use of more
asymmetric reactions and to obtain an increase in the neutron number of the evaporation
residues by using both target and projectile nuclei with maximum neutron excess. However,
the choice of reactions meeting these conditions is rather poor. As target material, it is



R176 Topical Review

Position sensitive
stop detector

CORSET

TOF-start
detector

TOF-start

mass
resolution - 2amu

4SCa
beam targets:
.
Cm *solid angle - 0.3 sr

\

Figure 8. Layout of the CORSET setup for measuring masses and energies of fission fragments
[80].

reasonable to use neutron-rich isotopes of the actinides (Act.), such as >**Pu, >*Cm and **°Cf,
produced in high-flux reactors and thus having largest neutron excess. Among the projectiles,
undoubted advantage has the doubly magic nucleus of the rare isotope **Ca (only 0.14% in the
natural isotopic abundance of Ca) [48, 78, 79]. The compound nucleus 292114, produced, for
example, in the fusion of **Pu and *Ca, acquires eight additional neutrons compared to the
mentioned case of the 2%®Pb + 7°Ge reaction. These eight neutrons, as will be shown below,
play a key role in the production and study of the decay properties of superheavy nuclei.

Compared to the cold fusion reaction 208py 4+ 79Ge (Zp - Zy = 2624), the Coulomb
repulsion in the reaction ***Pu + **Ca (Zp - Z; = 1880) decreases by almost 40%, which
in turn should lead to the decrease of the factors hindering the formation of the compound
nucleus. On the other hand, due to the magic structure of *3Ca, the excitation energy E™n
of the compound nucleus 2°?114 amounts to approximately 30 MeV, a value by 10-15 MeV
lower than in typical hot fusion reactions induced by lighter projectiles.

However, unlike the cold fusion reactions, the asymmetric reactions Act. + 48Ca have not
been investigated so far. A few experiments devoted to the synthesis of nuclei in reactions such
as 238U, 242py, 2 Am and even 2*8Cm + *3Ca, undertaken in 1967—1985 in different laboratories
and using on-line physical and off-line chemical techniques, as was already mentioned above,
have given only upper limits for the production cross sections of new elements. Therefore,
15 years later, when addressing this issue again, it was necessary to understand more about the
mechanism of these reactions and of the opportunities they would provide for the synthesis
of new elements. For this purpose, we carried out a series of experimental investigations, the
main point of which was the following.

The compound nucleus, if formed in a fusion reaction, will prevailingly undergo fission
from its initial (excited) state. The fission fragments of a compound nucleus have the
characteristic mass and energy distributions, which distinguish them from fragments, formed
in other exit channels: quasi-elastic scattering, deep-inelastic collisions, etc. The task is to
separate the channel pertaining to the compound nucleus fission.

The time-of-flight spectrometer CORSET [80], used in these experiments, is presented
schematically in figure 8. It is capable of registering the angles, masses and energies of
correlated fragments in a large solid angle ~0.3 sr.

The total kinetic energies (TKE) of two correlated fragments, produced in the 2Pb + 43Ca
reaction corresponding to full momentum transfer from the **Ca ions to the composite system
256102 at E, = 18 MeV, are shown in figure 9(a) as a function of the fragment mass (Ar). The
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Figure 9. Two-dimensional spectra of TKE(AF) of correlated fragments from cold fusion reactions
(indicated in the graphs (a) [81], (b) [82] and (c) [83]). The excitation energies of the nuclei 20102,
266108 and >°*118 are shown in the graphs. The red line encircles the region of fragment mass
Acn/2 £ 20 amu with summed kinetic energy (TKE) 4 50 MeV. The spectra, measured in the
238y + 48Ca reaction at different excitation energies of the 28112 nucleus, are given in the graphs

(d), (e) and (f) [84].

observed fragments with mass around Ap = 48 (projectile-like) and Ay = 208 (target-like) are
products of multi-nucleon transfer in quasi-elastic (QE) and deep-inelastic (DIC) collisions.
The region of mass and energy Ap = Acn/2 £ 20 and TKE = 200 =+ 50 MeV, according to
known data, covers about 60% of the fission fragments of 256No [81]. From the measurements
at various energies, the fusion—fission cross section ogp(E,) was determined, which, in first
approximation, for the reaction 2*Pb + “8Ca can be taken as o cn(E,). Simultaneously, in
the 206-208pp 4 48Ca reaction, in the experiments [62, 63] the cross sections of evaporation
residues o ,,(E,) were measured in the energy interval E, ~ 15-42 MeV for the xn-evaporation
channels, when x = 1-4. Thus, from the experiments with the 204208Pb + 43Ca reaction, the
complete pattern of fusion and survival of the compound No nuclei at different excitation
energies could be drawn (figure 4(b)). Similar measurements were also performed for element
104 (Rf) in the 298Pb + °Tj reaction [85].

In the experiments that followed, either the projectile mass was increased keeping 2**Pb
as a target (cold fusion) or the target mass was increased and the projectile used was **Ca (hot
fusion). The two-dimensional plot TKE versus Ar, measured in the 2*®Pb + ®Fe reaction, is
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Figure 10. (a) Mass distributions of quasi-fission fragments (black points) and fission in the
symmetric mass region (open squares) in the 2*Cm + *8Ca reaction at E, = 33 MeV. The dashed
line is the fission-fragment mass distribution of 2380 at E, = 30 MeV [87]. (b) The most probable
mass of the primary fission fragments as a function of the mass of the fissioning nucleus. The
open squares denote low-energy fission of actinides, the black squares denote fission of the excited
nuclei with Z = 112, 114, 116 in the reactions 233U, 24Pu, 245Cm + 48Ca. Data for 2?*Th in the
reaction 28Pb + 190 at E, ~ 26 MeV, obtained with the CORSET setup, are also shown in the
figure [89].

shown in figure 9(b). It is seen that when the projectile mass is increased from “®Ca to 3Fe,
the picture changes drastically. The yields of the projectile-like and target-like products have
increased significantly, whereas the yield of fragments corresponding to the region expected for
the fission of the compound nucleus *°Hs has decreased by more than two orders of magnitude
[86]. Indeed, as it has been shown by different model calculations (as was mentioned before),
here dynamical hindrances to the formation of the compound nucleus start to play an important
role. Finally, in the reaction 208ppy 4 86Ky (figure 9(c)), in the mass region Acn/2 only few
events were registered; the upper limit for the formation of the compound nucleus with Z =
118 was estimated to be o cny < 200 nb. Having thus obtained a consistent picture of the cold
fusion reactions, the experiments at the CORSET setup were continued using the reactions
Act. +*8Ca[82].

The data for the 28U + *3Ca reaction at E, = 33 MeV are presented in figure 9(d). In
this reaction again a large yield of projectile-like and target-like nuclei was observed, along
with events in the region where fission fragments from the compound 2%¢112 nucleus were
expected. However, in contrast to the experiment with the 2°8Pb-target, the observed fragments
are typical for strongly asymmetric fission (two egg-like distributions, symmetric relative to
Acn/2) and are situated outside the place where the compound nucleus fission fragments
would come. Obviously, this process (we call it ‘quasi-fission’) is not connected with the
formation of the compound nucleus *%°112, but its tails create a background in the symmetric
mass region Ay & Acn/2. The separation of these two types of fission is possible only by
means of systematic measurements at various excitation energies, since the yields of the two
types of fission vary at the different excitation energies (see figures 9(d)—(f)). It should be
noted that the peak of the heavy fragments of quasi-fission (QF) is located close to Ay &~ 208
(*%8Pb). Similar measurements were also done for many other reactions, with targets lighter
or heavier than 2%8U [87, 88].

The fission-fragment mass distributions, obtained in one of these reactions, namely
28Cm + “8Ca at E, = 33 MeV, are presented in figure 10(a). The difference between
the two types of fission is well seen: the main channel is QF, with mass ratio of the fragments
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Ap1 /A =~ 2.35, and the other one, of much less intensity (FF), with Ap;/Ap, & 1.24. In the
same figure, the known fission-fragment mass distribution of 28U at E, ~ 30 MeV is shown;
its shape is quite similar to that of the FF mass spectrum from the reaction >*3Cm + *Ca.
The overlap of the mass of the heavy fragment from 28U and the mass of the light fragment
from 2%°116 may be a sign that the fission in both cases is governed by the effect of the closed
shells Z = 50, N = 82. The difference lies in that in the fission of 233U the shell effect is
connected with the formation of the heavy fragment, while in the case of the heavy nucleus
(A = 296) it manifests itself in the light fragment. As can be seen from figure 10(b), the mass
distributions of the fragments from the FF-channel and the data, obtained for the actinides,
show that the fission mode of all nuclei with Z = 90 to Z = 116 is very much the same.
The mass and energy spectra of the fission fragments are characterized by a small change in
the mass of one of the fragments (the Z = 50, N = 82 shell effect) and a large variation of
the mass of the complementary fragment (depending on the mass of the fissioning nucleus).
Due to the same reasons, in the intermediate mass region A = 258-272, the mass-symmetric
fission mode may prevail when the Z = 50, N = 82 shell effect works simultaneously on both
fragments [90].

The results, obtained in the 28U, 2**Pu and ?*Cm + *Ca experiments, can be shown in
the form of collective motion of the heavy nuclear system with A = 296 over the potential
energy surface. As illustrated in figure 6(b) for the reaction >**Cm + “3Ca, at the contact
point of the >*Cm and *3Ca nuclei, the potential energy of the nascent 2°°116 nucleus is
higher than the energy of the compound nucleus. That is why in the reactions Act. + *Ca,
contrary to cold fusion (see for comparison figure 6(a)), the hindrances to the formation of
compact shapes must be considerably suppressed. This will in turn lead to an increase in the
probability Pgy,. At the same time, at the early stage of the reaction, the system can, with
high probability, enter the deeper valley of quasi-fission. Because of this loss, only a small
part of the nuclei will reach compact forms close to the top of the compound nucleus fission
barrier. The ratio of the yields of QF and FF displays the competition between these two
processes. As is seen from figure 6(b), the cross section o ¢y can be less than o gg, since the
nucleus may enter the compound nucleus fission valley and demonstrate at the scission point
the characteristics of fission without transition over the fission barrier [91] (i.e., by-passing the
stage of forming a compound nucleus, see figure 6(b)). Essentially, this is a second obstacle
on the way to compound nucleus formation. The calculated cross sections o cn(Z) shown in
figure 7(b) account for such a limitation in the last stage of the collective nuclear motion. We
shall return to the discussion of this problem after the experimental data on the cross sections
for the evaporation residues have been shown.

The last stage—the survival of the compound nucleus—is the decisive one in the given
method of synthesis of the heaviest nuclei. As was mentioned earlier, the estimations of E™"
and the following experiments, aimed to measure the excitation functions for evaporation
products, have shown that the compound nuclei with Zcy = 112-118, when formed in Act. +
48Ca reactions, may attain excitation energy from 30 to 55 MeV. This energy will be released
by a cascade emission of 2-5 neutrons (the evaporation of charged particles is significantly
less probable) and y-rays. At each step, neutron evaporation and fission compete strongly.
The survival probability can be simply expressed as

X X
Por ~ [ [Tu/Tp)i ~ [ Jexpl(Bs — B.)/ T,
i=1 i=1
where By and B, are the fission barrier height and the binding energy of the neutron,
respectively, T is the temperature of the compound nucleus and x is the number of emitted
neutrons.
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Figure 11. Upper panel: experimental cross sections at the maximum of 4n-evaporation channels
in hot fusion reactions leading to the formation of isotopes of elements 102—110 at different neutron
numbers of the compound nucleus. Squares, triangle and diamond denote the reactions Act. +
22Ne, Mg and 3*S [94-100], open circles denote Act. + *3Ca reactions. Lower panel: calculated
values of (B, — By) for isotopes of elements 102—-120 with different neutron numbers [39, 144]. The
symbols denote isotopes corresponding to the compound nuclei in the above-mentioned reactions.

Unfortunately, in the region of the superheavy nuclei the calculated Py, depends strongly
on the choice of B, and By, predicted by different models in a rather wide range (especially the
fission barrier heights) [25, 39, 92, 93].

In such a situation, the analysis of the experimental data, obtained during the synthesis of
the heaviest nuclei in hot fusion reactions, seems to be more informative.

The cross sections of nuclei with Z = 102-110, produced in the 4n-evaporation channel
of the fusion reactions Act. + 2*Ne, Mg and 3°S(5n), are presented in figure 11(a) [94—100]
(the neutron number of the corresponding compound nuclei is shown on the horizontal
axis). Since there is no significant hindrance for fusion in such mass-asymmetric reactions
(Zp - Zr = 920-1500), the strong decrease in the cross section oy, is connected mainly with
the survivability of the nuclei. The relatively high production cross section of isotopes with
Z < 105 is a consequence of the high fission barrier, which is almost completely determined
by the shell effect of the two closed neutron shells N = 152 and N = 162. At neutron numbers
Nen > 162, as can be seen from figure 11(b), the fission probability significantly increases
with the decrease of By. This reduces the cross section of Ds (Zcy = 110) relative to Db
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(Zcn = 105) by almost four orders of magnitude. However, if the predictions of the theoretical
models (see above) about the existence of the next closed shell N = 184 are justified, the
fission barrier height will again increase when advancing to the region where Ncy > 174 and
Zcen = 112, In turn, the nuclear survivability will increase too and as a result one can expect
even a rise in the cross section o gyg for heavy nuclei with large neutron excess.

For a more detailed consideration of the feasibility of the Act. + *Ca fusion reactions
for the synthesis of the heaviest nuclei, it is necessary to have experimental measurements of
0 .y (or at least their limits). We shall return to this question with the measured cross sections
o w(exp) in the general discussion of the experimental results.

In other reactions, the opportunities to synthesize superheavy elements are strongly
reduced. Deep-inelastic transfer of massive clusters, even in reactions with extremely heavy
nuclei such as 23U + BXe, 238U + 28U or 28Cm + 28U, as has been shown in some
experiments [101-103], leads to very small cross sections. In mass-asymmetric reactions the
necessity to use targets heavier than >**Cm is limited by the chance to produce isotopes with
Z < 103 in reactions with >**Es-targets [104].

Hence, reactions such as Act. + **Ca turn out to be, from our point of view, the most
promising ones for the synthesis of the heaviest nuclei with large neutron excess. In spite
of the fact that quasi-fission strongly competes with the formation of a compound nucleus,
the expected cross section o ¢y is essentially higher than in cold fusion reactions. The main
losses take place in the stage of survival of the excited nuclei, and this strongly depends on
their fissility. At the same time, the theoretically predicted rise in the fission barrier, when
approaching the closed shell N = 184, must manifest itself in the growth of the evaporation-
residue cross sections depending on the number of neutrons (less on the proton number) in the
compound nucleus.

Nevertheless, the expected (and observed) cross sections of the new nuclides with Z >
112, produced via the evaporation channels of the Act. + **Ca reactions, are of the order
of picobarns (=107 cm?) and in some cases even lower, which in turn imposes strong
requirements for high luminosity and high sensitivity in launching new experiments aimed at
the production of the heaviest nuclei.

3. Setting the experiments

The expected half-lives of the heavy nuclei from Act. + 48Ca reactions, as it can be seen
in figure 3, can vary in a wide range: from a few us (for the even—even isotopes of the
heavy elements) up to tens of hours (for the products of sequential decay of the odd nuclei).
Because of this, the separation and registration of the looked-for nuclei must possess wide-
range operating speed. The expected cross sections for the evaporation residues produced
at energies above the Coulomb barrier are calculated to be of the order of picobarns (or a
fraction of pb), which is a factor 10''~10'? smaller than the total reaction cross section. The
recoiling nuclei from fusion reactions, formed with full momentum transfer from the projectile
to the compound nucleus, leave the target layer in the direction of the beam. Therefore, the
separation system must be capable of ‘relieving’ the detector from the beam particles and from
other by-products.

There are technical difficulties too. For the acceptable ion-optical characteristics of the
recoil separator, the **Ca beam with intensity of about 1.0-1.5 puA (beam power ~0.3 kW)
should give a spot at the target position of ~0.3-0.5 cm?. At this, the target must withstand
a huge beam dose (~10' particles and even more) during a long-term irradiation. These
conditions demand the fulfilment of certain requirements with respect to the technology and
construction of the target from unique highly enriched isotopes of Pu, Am, Cm and Cf (which
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are a great deficit), and to the systems of continuous control of the working radioactive target
layer during the whole experiment.

We considered different versions of setting up experiments with Act. + *3Ca reactions
by taking into account the great and successful experience of working with recoil separators
(such as the velocity selector—SHIP [105] or the energy selector—VASSILISSA [106]), and
nevertheless, chose another system—the gas-filled separator, which to our opinion better
corresponds to the high demands of the experiments.

3.1. The Dubna gas-filled recoil separator (DGFRS)

The gas-filled recoil separator (DGFRS) is schematically presented in figure 12. The principle
of operation of such experimental setups is well known [107-116].

Due to the interaction of the projectiles with the target nuclei the reaction products, which
are emitted in the direction of the beam, come into the region of an external magnetic field
that separates them by their magnetic rigidity. If the magnetic dipole field region is filled
with a dilute-gas medium, the moving ions change their initial ionic charge due to collisions
with the atoms of the gas. Coming into the gas, an initially homogeneous ion beam splits
up into several components, corresponding to the different charge states. After a statistically
large number of collisions with the atoms of the medium, the charge distribution approaches
equilibrium and the ions follow some mean trajectory determined by the mean charge value
(g). The shape of the equilibrium charge distribution is described by a Gaussian centred at the
average charge g, as expressed approximately by the Bohr formula [117]: § &~ (v/v) - Z'/3,
where Z is the ion atomic number and vy = 2.19 x 10° m s~! is the Bohr velocity. Since
Bp = mv/q, the magnetic rigidity of an ion is defined by the simple relation: Bp =
0.02267 x A/Z'/3 (Tm).
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Figure 13. Average ionic charge of heavy nuclei moving in hydrogen medium with different
velocities (in Bohr’s units of velocity vg = 2.19 x 108 cm s~1), measured at DGFRS. The line is
the calculation of g(v/vg) with the ANAMARI computer code [113].

Thus, in first approximation, the curvature radius of the ion in a magnetic field is
determined mainly by the mass, to a lesser degree by the atomic number, and becomes
charge and velocity independent. Ions of different mass will be deflected from the central ray
trajectory, moving through different curvature radii that are, to first order, proportional to the
A?/3value. The evaporation residues (EVRs) of fusion reactions have the largest possible mass,
with corresponding trajectories of highest radius of curvature. Accordingly, the other reaction
products—target-like or projectile-like ions—will be separated from the EVRs following the
trajectories with lower curvature radii. To illustrate, the DGFRS has a dispersion of 7.5 mm
per 1% of Bp, while the ratios of rigidities of the EVRs, scattered target-like and primary beam
ions, for systems such as *Ca + 2**Pu and *’Ne + 2**Pu, are 1.0/0.89/0.29 and 1.0/0.95/0.18,
respectively [113]. The width of the trajectory with a given v/¢ ratio and thus the mass
resolution of the gas-filled separator depend on the optical dispersion of the system and on
the width of the spatial distribution of the EVRs, which is due to interactions with the target
material and the separator gas.

The accurate setting of the spectrometer magnetic rigidity requires precise knowledge of
the relevant v/q ratio. The dependence of the average charge states on the velocities of actinide
and trans-actinide nuclei in dilute hydrogen was determined at the DGFRS by measurement
of the magnetic rigidities of EVRs synthesized and identified in various reactions (figure 13)
[118]. An interpolation or extrapolation of these data allows determination of the v/¢ ratios
and, consequently, of the magnetic rigidity settings of the DGFRS for the superheavy nuclei
that are synthesized in fusion—evaporation reactions induced by **Ca-projectiles (they are also
shown in figure 13). A specific characteristic of the DGFRS is the hydrogen gas used in the
separator, which enables better suppression of projectile- and target-like recoils at the focal
plane than the helium gas [119]. The suppression factors exceed 10" and 10* for beam and
target-like particles, respectively [112], depending on the projectile—target combinations. Just
after the exit of the dipole, there is a quadrupole doublet, with a 20 cm aperture, which focuses
the recoil nuclei onto the separator focal plane located 4 m downstream. The superheavy
nuclei, leaving the target with energy of 30-40 MeV, fly over this distance for ~1 us.
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Figure 14. Left panel: the distribution in the focal plane of DGFRS of the 2%2No recoils, exiting
the target with an energy ~41.2 MeV and of 2!4Ac with an energy 2210.5 MeV, produced in the
206ph(48Ca, 2n) and 17 Au(**Ne, 5n) reactions, respectively. The images are projected onto an area
of 120 x 40 mm? of the front strip detector. Right side: collection efficiency (the transmission of
evaporation residues) of the DGFRS, obtained in reactions with a different ion/target mass ratio
(the projectiles are shown by different symbols). Black symbols denote experimental results, open
symbols denote calculations with the ANAMARI computer code [113], p is a scaling parameter.

The image size at the focal plane, which defines the sensitive area of the detector, is the
result of the interplay of the ion-optical effects and charge-exchanging and multiple scattering
interactions in the target and separator media that determine the velocity, angle and charge
dispersions of the ions. The velocity dispersion is negligible in first approximation. Multiple
scattering and charge-exchange effects, as well as focusing, are increased with pressure. It has
been shown that the vertical width of the EVR spatial distribution depends only on the optical
effects and multiple scattering in the gas (that is pressure dependent), while the horizontal
distribution is proportional to the squares of the effective charge-exchange cross section and
gas pressure [110]. Consequently, the widths of the distributions are optimized by appropriate
choice of the gas pressure. For the **Ca-induced fusion reactions, which we have investigated,
the pressure in the separator was about 1 Torr.

The transmission of the evaporation residues and their distribution on the focal plane were
determined experimentally in asymmetric fusion reactions with different projectile/target mass
ratios. The results are shown in figure 14. With the obtained data and the dependence of the
average charge states on the velocities of recoils shown in figure 13, using Monte Carlo
techniques the ANAMARI computer code was developed and used for the calculation of the
EVRs trajectories in the separator [113]. ANAMARI accounts for reaction kinematics, energy
losses and multiple scattering in target and separator media, equilibrium charge states of the
EVRs and the magnetic optical system of the separator. The code successfully reproduces the
distributions of the EVRs on the focal plane detector array and their collection efficiencies for
the numerous reactions studied. By performing fast calculations of the position spectra and
collection efficiencies, it allows the optimal separator system settings to be determined.

An example of the tuning of DGFRS for the separation of No isotopes, formed in the
206pp(*8Ca, xn)>>*—* No reaction, can be given.

The maximum yield of the 2n-evaporation channel of the reaction 2°°Pb + *8Ca, used for
calibration of the detectors, was measured at the projectile energy of 217 MeV in the middle
of the target layer [62]. The evaporation residues >>’No were produced with an average kinetic
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energy of 40.8 MeV; because of energy losses in the target layer and the hydrogen gas (at a
pressure of 1 Torr), the average EVR energy is reduced to 38 MeV in the centre of the dipole
magnet. The measured equilibrium ion charge in hydrogen of 38 MeV EVRs is 6.6%, which
corresponds to a magnetic rigidity (Bp) of 2.14 Tm for the central trajectory in the DGFRS.
With a dispersion of 7.5 mm/%Bp, an acceptance interval (ABp) of £0.17 Tm (£8%) is
defined by the horizontal 120 mm size of the focal-plane detector. Therefore, the magnetic
rigidity interval Bp = 2.14 £ 0.17 Tm is optimal for the transmission of >>No EVRs; other
reaction products with rigidities outside this interval should miss the focal-plane detectors. The
variation of projectile energy within 30 MeV (Ej,, & 213-243 MeV) resulted in variation of the
initial EVR kinetic energy within an interval of 40.0-45.5 MeV (=37-42 MeV in the centre
of the dipole magnet) and corresponding change of the average >>*No ion charge ¢ ~ 6.5-7.0.
However, due to the linear dependence of the average charge of the ion on its velocity v,
the rigidity of EVRs with mass m, Bp = mv/q, remains practically the same (ABp = 0.03).
Thus, collection efficiencies of the separator for nuclides, produced in the reaction in a wide
projectile energy range, as well as for its neighbouring isotopes, are very similar. This makes
it possible to perform measurements of EVRs production cross sections as a function of the
excitation energy of the compound nucleus (excitation functions) with a constant efficiency
without changing the separator settings.

Obviously, in experiments on the synthesis of superheavy elements in fusion reactions
of ¥Ca with Z3U-2*Cf (the projectile/target mass ratio being 0.206-0.192), the distribution
of the evaporation residues on the focal plane of DGFRS is close to the one observed for the
252No nuclei (shown on the left-hand side of figure 14). For this reason, the chosen size of the
focal-plane detector (120 x 40 mm?) allows registration of separated superheavy nuclei with
efficiency close to 100%.

The calculated transmission efficiency of the separator for Z = 112—118 nuclei is about
35-40% [113], whereas full-energy “®Ca-projectiles, projectile-like ions, and target-like nuclei
are suppressed by factors ~10'7, 6 x 10'* and 10*-10°, respectively.

3.2. The *8Ca beam

The “8Ca*? ions, produced by the ECR (14 GHz) ion source, were accelerated by the U400
cyclotron to an energy of up to 5.65 A MeV. The measurement and the continuous control of
the beam energy were done in two ways: by Si(Au)-detectors measuring the energy spectrum
of the **Ca-projectiles scattered at an angle of 6y,, = 30° and by TOF-detectors directly
measuring the energy of the primary beam. In turn, the calibration of both the Si(Au)- and
TOF-detectors was performed by measuring the beam energy by the high-resolution magnetic
spectrometer MSP-144 [120]. The energy dispersion of the “8Ca beam in the middle of
the target, determined by the energy resolution of the beam coming from the cyclotron, the
weak variation of energy over the long irradiation, the energy loss in the entrance window
(0.72 mg cm~2 Ti) and in the target backing (0.72 mg cm™2 Ti), as well as by the thickness of
the target layer (~0.35 mg cm™2), amounted to about 4.5 MeV.

The typical beam intensity at the target was 0.5-0.7 puA (in the years 2000-2001),
consequently (2004—2005) it increased to 1.2 puA. The consumption of the **Ca isotope,
enriched to 68%, amounted to about 0.5 mg h~.

3.3. The targets

The thickness of the target was chosen by a compromise between the luminosity and the
transmission of the evaporation residues through the separator. The yield of >>’No in the
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Table 1. Experimental conditions and number of registered decay events from evaporation residues
in Act. + *3Ca reactions.

Target Isotope Beam Number of events
thickness enrichment  Ej A E, dose -
Reaction (mg cm™2) (%) (MeV) (MeV) (x10'% 2n 3n 4n 5n Reference
BIY+%Ca 044 99.97 240 32.7-37.1 0.7 - - - - [121]
B8U+%Ca 035 99.3 230 29.3-33.5 0.58 -1 - = [121]
0.35 234 32.9-372 0.71 - 6 - - [121]
0.35 240 37.7-419 0.52 - - 1 - [121]
2INp +*8Ca 035 99.3 244 36.9-41.2 1.10 - 2 - - See the text
242py + ¥Ca 040 99.98 235 30.4-34.7 0.50 15 - - [121]
0.40 238 33.1-37.4  0.49 -5 - - [121
0.40 244 38.0-42.4 047 - 5 7 - [121]
0.40 250 43.0-472 032 - - 2 - [121]
Chemistry 1.4 99.98 235 0.16 - 2 - - See the text
24py +%¥Ca 038 98.6 231 29.8-32.9 0.46 - - - = [122, 123]
236 32.9-37.4 1.0 - 2 - - [122, 123]
243 38.9-43.0 0.40 - 2 7 - [123]
250 44.9-49.0 0.31 - 1 4 - [123]
257 50.4-54.7 0.29 - 1 1 [123]
2B8Am+*Ca 036 99.9 248 38.0-42.3 0.43 - 3 - - [124, 125]
253 42.4-46.5 043 - - 1 - [124, 125]
Chemistry 12 99.9 247 35.0-43.8 0.34 - 15 - - [126, 127]
Chemistry 12 99.9 247 35.043.8 0.35 -5 - - [128]
25Cm+Ca 035 98.7 243 30.9-35.0 1.20 2 3 - - [123]
249 35.9-39.9 0.54 1 5 - - [127]
255 40.7-44.8 0.83 - 4 - - [127]
28Cm +4Ca 0.35 97.4 240 31.2-349 230 - 3 - = [129]
247 36.8-41.1 0.70 - 2 6 - [121]
29cf+48Ca 023 97.3 245 26.6-31.7 2.50 -1 - = [130]
0.34 >98 251 32.1-36.6  1.60 - 2 - - [131]

206pp + 48Ca reaction revealed that the effective layer thickness of the metallic 2’°Pb-target is
limited to ~0.5 mg cm~2. Because of this, in the experiments on the synthesis of superheavy
nuclei, targets of actinide oxides were used with thickness of ~0.35 mg cm~2 (by working
material) deposited on a 1.5 m Ti foil and covered by a protective carbon layer ~35 pg cm ™2
thick. Enriched isotopes of U, Np, Pu, Am, Cm and Cf were used as target material (see
table 1). Each of the six targets had an area of 5.3 cm? in the shape of an arc segment with an
angular extension of 60° and an average radius of 60 mm. The segments were mounted on a
disc that was rotated at 2000 rpm perpendicular to the beam direction. The total area of the
target was 32 cm?, the total weight of the isotopes was about 10 mg. The ion beam falling
on the target was scanned in the vertical direction with a frequency of 1 kHz in the range
of a limiting diaphragm of a 9 mm diameter. The tests with intense beams of >*Ne and 34S
showed that targets with this construction could accept a maximal **Ca-beam intensity of up to
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5-6 pA and could be repeatedly used in long-term irradiations with a dose of up to ~5 x
10'° beam particles and possibly even more.

3.4. The detector array

EVRs passing through the separator were implanted in a 4 x 12 cm? semiconductor detector
with 12 vertical position-sensitive strips. The detection efficiency of the focal-plane front
detector for a-particles, emitted from the decays of the implanted nuclei, is 52% of 47. To
detect escaping a’s, the front detector was surrounded by eight 4 x 4 cm? side detectors
(without position sensitivity), forming a box open to the front (beam) side (see figure 12).
In this geometry, the position-averaged detection efficiency for full-energy «-particles of
implanted nuclei increases to 87% of 4.

Before implantation into the front detector, the separated EVRs pass through a time-of-
flight (TOF) measuring system that consists of two (start and stop) multiwire proportional
chambers placed within 6 cm from each other and filled with ~1.5 Torr pentane. The
TOF system with registration efficiency of 99.9% allows distinguishing recoil nuclei coming
from the separator and passing through the TOF-detector from signals, arising from «-decay
or from spontaneous fission of the implanted nuclei (without a TOF signal). In order to
eliminate the background from the fast light charged particles (p, o) with signal amplitudes
lower than the registration threshold of the TOF-detector, occurring in the interaction of the
projectiles with the hydrogen gas, a ‘veto’ silicon detector was placed behind the front detector
(figure 12).

The detection system was calibrated by registering the recoil nuclei and decays («
or SF) of known isotopes of No and Th and their descendants, produced in the reactions
206ph(*8Ca, 2n) and "Yb(**Ca, 3-5n), respectively. The typical full-width-at-half-maximum
(FWHM) energy resolution for «-particles, implanted in the focal-plane detector, was 60—
80 keV, depending on the strip and the position on the strip. The «-particles that escaped
the focal-plane detector at different angles and were registered in a side detector had an
energy resolution of the summed signals (side detector plus residual focal-plane detector)
of 140-200 keV. If the energy deposited by an «-particle as it recoiled out of the focal-
plane detector was lower than the detection threshold of 1.2 MeV (thus its position was lost)
and was detected only by a side detector, its total energy was estimated as the sum of the
energy measured by the side detector and half of the threshold energy (0.6 MeV), thus the
uncertainty in determining the total energy was increased to 0.6 MeV. The assignment of such
a-particles to the observed decay chains was made using the calculated probability of random
correlations based on the decay rate in the side detectors associated with actual experimental
conditions.

The FWHM position resolution from the signals of correlated decays of nuclei implanted
in the detectors was 0.9-1.9 mm for EVR-« signals and 0.5-0.9 mm for EVR-SF signals.
If an a-particle was detected by both the focal plane (AE,;) and a side detector (AE,»), i.e.
E, = AE, + AE,, the position resolution depended on the amplitude AE,,, but was generally
inferior to that obtained for the full-energy signal.

Fission fragments from the decay of >No implants, produced in the 2°Pb + *8Ca reaction,
were used for the mean total kinetic energy (TKE) calibration. The measured fragment energies
(Ewr = Ep1 + Erp) were not corrected for the pulse-height defect of the detectors, the energy
loss in the detectors’ entrance windows or dead layers or for the energy loss of the escaping
fragment (E») in the pentane gas, filling the detection system (at a pressure of about 1.7 Torr).
The mean sum energy loss of fission fragments from the SF-decay of >>’No was about 20 MeV.
The TKE of nuclei with Z > 102 was determined as the sum E, + 20 MeV. The systematic
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uncertainty in estimating the TKE value was about 5-7 MeV when both fission fragments
were detected.

3.5. DGFRS operating mode

From model calculations and the available experimental data, one can estimate the expected
a-particle energies of the evaporation products and their descendant nuclei that could be
produced in a specific reaction of synthesis. For a-particles emitted by the parent or daughter
nuclei, it is possible to choose wide enough energy and time gates §E,, 8ty and §E,, 8ty
(accounting for all the uncertainties in the estimation of the expected energies and half-lives
of the synthesized nuclei) and employ a special low-background detection scheme [122, 123,
129, 132, 133]. During the irradiation of the target, the beam was switched off after a recoil
signal was detected with parameters of implantation energy and TOF expected for evaporation
residues, followed by an «-like signal with an energy in the interval §E,, in the same strip
within a 1.4-1.9 mm wide position window and a time interval §7,; of up to 8 s. If the first
«-particle was not detected (the probability being about 13%), then the switching-off the beam
was done when a second «-particle in the corresponding §E,, and §t,, intervals was detected.

Such a running condition was a compromise between the inevitable loss of beam dose
(10% of the beam time was lost) and the necessity of a beam pause for the registration of
long-duration sequential decays of the daughter nuclides with Z < Zcy — 2 under very low
background conditions.

This operating mode of DGFRS can be illustrated by detection of long decay chains of
the odd—odd isotopes of element 115, produced in the 2B Am(*8Ca, 3n)*8115 reaction [134].

The beam was switched off, if in the time interval §¢,; = 8 s both the recoil nucleus
(response in the TOF-detector) and an «-like signal (without a TOF signal) with an energy
9.6 MeV < E, < 11.0 MeV (8E,; = 1.4 MeV) were detected in the same strip and in the
position window Ay & 2 mm. The beam-off interval was initially set as §¢,, = 2 min. In this
time interval, if an «-particle with E, > 8.6 MeV was registered in any position of the same
strip, the beam-off interval was automatically extended to §z,3 = 12 min. In the 12 min period,
if other o-particles with energies expected for heavy nuclei were observed, the beam-off pause
was prolonged up to 2.7 h.

In this experiment, which continued 270 h, there were 577 short turn-offs of the beam,
each lasting §7,, = 2 min (the total beam-off time was about 19 h).

The spectrum of a-like signals (all events without a TOF signal) in all the strips in the
energy range of 7 < E, < 11 MeV is shown in figure 15(a). In the figure, we also show the
a-particle spectrum detected in beam-off time intervals (see above). In the beam-off «-particle
spectrum mainly the peaks originating from Po isotopes, the decay products of the long-lived
isotopes of Ra—-Th, produced in transfer reactions, were observed. The isotope 2''Po is the
descendant nucleus of 2!°Th, produced in calibration experiments with the "*Yb-target.

The majority of events with £, = 8.0-9.5 MeV is the result of «-decays of the short-
lived descendants 2!2Po (Tijp = 0.3 ps, E, = 8.78 MeV) and 213pg (Tijp =42 ps, E, =
8.38 MeV) detected in coincidence with 8~-decays of the precursors >'?Bi and >'*Bi (see, e.g.,
[123, 132]). For a-particles with E, > 8.9 MeV, the total counting rate of the whole detector
array during beam-off pauses was 0.7 h~!. Note that in the high-energy part of the a-particle
spectrum (E, > 9.5 MeV) only eight events were detected, seven of them (marked black), as
we shall demonstrate below, belonging to the decay chains of the isotope 28%115.

Figure 15(a) shows that switching the beam off essentially eliminates the background at
E, > 9 MeV, where sequential o-particle emission was observed in three decay chains (see
figure 15(b)). The probability that any one of the four a-particles, observed during about
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Figure 15. (a) Total beam-on «-like signal and beam-off «a-particle energy spectra of events
registered by the detectors of DGFRS in the reaction 23Am + *3Ca at the projectile energy: Fy op =
248 MeV. The solid histogram shows the energies of events observed during beam-off periods in
the correlated decay chains. (b) Detector signals observed during consecutive decays of the isotope
of element 115, produced in the 23 Am(*8Ca, 3n)®38115 reaction at Ep o = 248 MeV. For the event
registered in strip no. 4 indicated are the position coordinates (in mm) of seven signals: the recoil
nucleus (R), five a-particles and SF fission fragments. (c) Total energy spectrum of «-like events
that stopped the beam during the >*3Am + *8Ca experiment. The solid histogram shows the energies
of «-particles that switched off the beam and were followed by two or more beam-off «-particles
with E, = 8.5-11 MeV. (d) Total fission-fragment energy spectra; the solid histogram shows the
energies of events, observed in the correlated decay chains.

30 s, is due to random detector background amounts to about 6 x 1073, even without
taking into account the correlation in position and strip number for the subsequent events.
Applying both of these factors will further reduce this probability by more than two orders of
magnitude.

Comparing beam-off with beam-on events, one can determine the probability of random
appearance of the first pair EVR-«; signals that switched off the beam. The total spectrum
of a-like particles that caused the beam to be switched off is shown in figure 15(c). Here,
the solid histogram shows the energies of events that caused the beam to be switched off.
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These events were followed by two or more beam-off a-particles with E, = 8.5-11 MeV,
without taking into account the position and strip number for the subsequent events. Thus, the
probability that each one of the EVR-« events followed by a subsequent «,-. . .-a5-SF decay
chain randomly caused the beam to be switched off was about 107,

The total spectrum of high-energy signals with £ > 40 MeV (without an associated TOF
signal) is presented in figure 15(d). For cases when fission signals were registered by both
the front and the side detectors, the sum energy is given. The background signals (scattered
“8Ca ions, fragments of the induced fission of the target, etc) appear in the energy range
E < 120 MeV; they are not observed in the beam-off spectrum. The signals of SF-fragments
arising in the decays of heavy nuclei are expected at higher energies, with £ > 130 MeV
[123, 132, 133].

In the experiment with 248 MeV “8Ca ions, we only observed seven spontaneous-fission
events with Er > 130 MeV. The three SF-events with measured energies of 147 MeV, 168 MeV
and 154 MeV were detected 0.51 ms, 4.1 ms and 2.07 ms after the implantation of
corresponding recoil nuclei in strips 12, 10 and 11, respectively. For the second and third
events, both the front and side detectors registered fission fragments. Based on the apparent
lifetime, it was reasonable to assign these events to the spontaneous fission of the 0.9 ms
244mfAm isomer, a product of transfer reactions with the >*3Am target [135]. The DGFRS
suppresses the yield of such products by a factor of 10° [123, 132]. For one event with E,,, =
146 MeV, no appropriate EVR-SF correlation was found. However, before the >*Am + *8Ca
experiment, during a 390 h off-line background measurement, we detected three SF-decays of
long-lived nuclei, e.g. 2>Cf (T} 2 = 2.65 years), produced in incomplete fusion reactions in the
previous experiments [130] where the same set of detectors was used. Thus, the registration of
one more SF-event (E,, = 146 MeV, strip 2) from the decay of long-lived nuclei corresponded
to the background level of Cf isotopes and was to be expected.

Three more SF-events, which were observed in the strips and positions corresponding
to the three R-or1-. . .-a5 decay chains, were registered with high total kinetic energies Eyy =
205 MeV (150 + 55 MeV), 200 MeV (148 + 52 MeV) and Er; = 140 MeV (only the front
detector registered a fission fragment). Taking into account the above-mentioned energy losses
by the spontaneous-fission fragments in the separator and detector, the total kinetic energy
of these SF-events was estimated to be about 225 MeV. The probability that these SF-events
appeared in the detector as random events and were not the members of the three preceding
R-a\-. . .-a5 decay chains was less than 1077,

The position deviations of the detected seven signals of recoil nuclei and subsequent
sequential decays (« and SF) for all three decay chains, observed in this experiment (for one
decay chain in strip 4 the position coordinates are shown in figure 15(b)), indicate a strong
position correlation between the observed decays. The analysis of the data obtained in this
experiment and the properties of the isotopes of element 115, synthesized in the 2**Am + *8Ca
reaction, will be presented below.

Counting rates of the a-like and SF-like signals from the **Am + *3Ca reaction, as well
as the spectra, obtained in two operating DGFRS conditions—beam-on and beam-off, differ
only slightly from the reactions with other targets shown in table 1. In spite of the certain
increase in the yield of spontaneous-fission fragments when going from ***Am to **Cm or
249Cf targets (the main background is due to the long-lived SF-nuclei >>>*Cf from transfer
reactions), the probability of random coincidences of the fragments with preceding «-decays
remains at the level of less than 1076

In the operating modes, mentioned above, the setup allowed detection of rare events
and decay characteristics of superheavy nuclei with decay time of up to 1 d and even
longer. The most short-lived nuclei are detected in DGFRS in a special operating mode
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of ‘fast’ data acquisition from the detectors, corresponding to ¢ > 5 pus. In this way, the
setup allows investigation of nuclei in a wide range of half-lives—from 10> s to more
than 10° s.

From the characteristics of the DGFRS, which are given above, it follows that with a BCa-
beam intensity of 1.2 puA, 0.35 mg cm ™2 target thickness and a beam dose 5 x 10'® (realized
for 200 h of operation) the observation of one decay event corresponds to the production cross
section of about 0.7 pb.

Since 2000, the sensitivity of the experiments at DGFRS has exceeded by 10°—~10* times
all earlier attempts to produce heaviest nuclei in “*Ca-induced reactions and was the main factor
in the progress achieved in the task of synthesis and studying the properties of superheavy
elements.

4. Experimental results

For the synthesis of superheavy nuclei at DGFRS, the fusion reactions of “®Ca with target
nuclei, the isotopes of U, Np, Pu, Am, Cm and Cf (nine isotopes of six actinide elements), were
used. They are presented in table 1. As will be shown in the following, in the investigations
carried out at different “*Ca energies, 29 new nuclides (34, including preliminary data for
the decay chain of 282113) were detected, all of them being evaporation products and their
daughter nuclei in the region of Z = 104—-118 and A = 266-294.

4.1. General characteristics

In the listed reactions, altogether 86 decay chains were registered. All decay chains are
characterized, in their majority, by sequential o-decays (from one to six), which are terminated
by spontaneous fission. In few cases, spontaneous fission occurred after detecting the recoil
nucleus. In the observed chains, there were altogether 232 nuclear decays. The chains with
similar characteristics, namely nuclear decay mode, energy and half-life, were attributed to the
decay of the same nucleus no matter how it was produced—as an evaporation residue or as a
daughter nucleus in the a-decay (or decays) of a heavier ancestor. In order to reduce the length
of this overview, it is convenient to present the experimental data from different reactions by
combining the identical events of each experiment as one chain and showing the number of
events, the energy of the «a-particles (E,) and the average decay time 7, of the chain nuclei
together with the experimental uncertainties. For this reason, the chains of different type are
denoted by symbols: k,l, m, ..., x, y, z (15 types altogether). Finally, the analysis of these
decay chains will allow us to identify the decay characteristics of each of the synthesized
nuclei.

Let us first consider how reliably the data observed in the experiments with DGFRS may
be attributed to the formation and decay of superheavy nuclei, namely to what extent the
measured characteristics defined by the experimental setup satisfy the criteria of observation
of evaporation residues from **Ca-induced reactions and their subsequent decays. In this
respect, we should keep in mind that the kinematics of the investigated fusion reactions are
practically the same when the mass of the target varies from 233U to 2*°Cf and the **Ca-beam
energy changes by less than 30 MeV. We should also note that in all sequences only two
decay modes are registered: «-decay and spontaneous fission. As a consequence, we have
three kinds of signals from the detector array that characterize the decay of the reaction
products: the recoil nuclei (R) and their decay by «-particle emission («) or spontaneous
fission (SF).
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4.1.1. Recoil nuclei. Indeed, small variations of the target mass and the **Ca-beam energy,
when occurring in complete fusion reactions, bring forth the formation of recoil nuclei in
the middle of the target layer in a rather narrow energy range Eg( /2 ~ 38—42 MeV (0.131-
0.146 A MeV). Taking into account the energy loss in the target layer, in hydrogen and in the
TOF-detector, the kinetic energy of the recoiling nuclei entering the front detector is estimated
tobe E }? ~ 15-20 MeV. The energy spectrum of the recoils from all the 86 registered sequences
together with the spectrum of >>No (E i,? ~ 21 MeV) from the 2°°Pb(*3Ca, 21)**No reaction
as a reference is shown in figure 16(a). The spectrum of the recoils, as can be seen from
the figure, is consistent with the one expected for the evaporation products, obtained in the
complete fusion reactions U — Cf + *Ca.

4.1.2. Sequential a-decays. In order to separate from the background those signals, which
correspond to the correlated decay of heavy recoils implanted in the detector, it is necessary
that they satisfy some specific conditions. The signals from the decay chains must have
position correlation on the surface of the front detector, they should appear in a definite order
with a TOF-mark for the recoiling nuclei, without a TOF-mark for decays («-particles, SF
fission fragments) and should be observed with a corresponding amplitude and time intervals.

Among the 86 decay chains, 164 nuclei undergo «-decay. In 17 cases, the «-particles
were lost (emission in the backward direction to the open window). This is in agreement
(within the obtained statistics) with the efficiency of the detector, which is 87%. For 26
a-particles, emitted in the backward hemisphere and registered by the side detectors, the
deposited energy in the front detector was lower than the registration threshold. These events
were not accompanied by position signals. For the remaining events, the position signals
of the a-particles could be used as a parameter, pointing both to correlations between the
sequentially emitted «-particles and to their relation to the preceding signal from the recoil
nucleus and the subsequent signal from the spontaneous-fission fragment(s). The position
deviation of the signals (in mm) relative to the average coordinates of the recoil nucleus, the
a-particles and the SF fission fragments for each decay sequence summed over all the decay
chains is shown in figure 16(b). As can be seen from the figure, the width of the distribution
is FWHM ~0.65 mm. In some cases, the deviations Ay > 1 mm are connected with the low
energy deposited by the «-particle in the front detector, because the position resolution of the
detector strongly deteriorates when approaching the registration threshold [130]. For 96% of
the events, the deviations are within Ay < 1 mm, which underlines the strict correlation in all
the observed decays. A position signal is necessary as a sign to switch the beam off, when
a correlation has to be established between the recoil nucleus and the first «-particle in the
prescribed energy range (for this purpose, wide-open gates are chosen: Ayg, ~ 2 mm, AE,
up to 1.5 MeV). After switching the beam off, the coordinates of the next signals often simply
demonstrate the correlation of the subsequent decays, due to the small probability for random
coincidences (even without considering the positions), because of the low counting rate in the
detector during the ‘beam-oft’ operating time.

For each «-transition in the decay sequences, the energy E, and the time of registration 7,
of the emitted «-particle were measured. It was already mentioned that the energy resolution
of the detector array depended on how the a-particle was measured. The best resolution (in
most cases it amounted to ~60-70 keV) corresponded to the full deposition of the «-particle
energy in the front detector (according to calibration and estimation, the efficiency &, ~ 52%
of 4r). In 101 cases out of a total of 164, the a-particles of the decay chains were measured
by the front detector. The identity of the nuclei, present in different sequences, and the decay
energies O, were determined by the data taken from the front detector. Only in this case, the
difference in the measured E,, could be considered as a-transitions to excited states.
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Figure 16. (a) Energy spectrum of recoil nuclei, registered by the front detector, for which
consecutive decays have been observed (see the text). The dotted histogram presents the case of
No nuclei—the evaporation products of the 2°°Pb(*8Ca, 211)>>2No reaction. The solid line denotes
the evaporation products from the Act. + *8Ca reactions. The dashed curves are drawn to guide the
eye. (b) Position deviations of all signals (EVRs, a-particles and SF-fragments) in the observed
decay chains of the Act. + *8Ca reactions. The position of the a-particle deviates from the average
value by more than 1 mm, caused by the low energy, AE, < 2.0 MeV, deposited in the focal-plane
detector resulting in a deteriorated position resolution. (c) Relative time intervals of all events in
the observed decay chains compared with the average half-lives (A = In 2/T7 ) assigned to the
particular nuclides (see table 3). The dashed curve is the calculated distribution. (d) Spectrum of
the summed energy of the SF-fragments, registered for the isotope 2>?No and the nuclei with Z >
110 (see the text). The value of TKE given for 22No is from [136].

The average decay time 7, and the half-life T, (In 2 - t, = T,) were determined from the
time distributions of the a-particles with a given energy E,. The decay time of the parent

nucleus was estimated once the recoil nucleus was registered, whereas the decay time of the

daughter nuclei from the time of registering the preceding «-particle. The assumption that in

the decay with energy Q, = AQ,, and half-life T,, £ AT,, within the experimental error, there

is no other «-transition with close values of Q, and T, is actually an approximation. As can
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be seen from figure 16(c) such an assumption looks defensible for all nuclei in the observed
decay sequences.

Finally, from the theory of «-decay it follows that for allowed «-transitions the energy and
probability of decay (or half-life) are connected with each other by means of the well-known
Geiger—Nuttall relation. This relation of the measured quantities Q, and T, serves as an
additional verification that the observed signals pertain to «-particles emitted in radioactive
decay. Moreover, as will be shown below, from the experimental values of Q, and T, we
may, with high reliability, identify the atomic numbers of all nuclei constituting a given decay
chain.

4.1.3. Spontaneous fission. As already mentioned above, all the observed decay chains,
obtained in “®Ca-induced reactions, terminate by spontaneous fission. Actually, as it will
follow from further considerations, spontaneous fission is present as a competing process
to the «-decay of some nuclei from the middle of the sequence. According to calibrations,
the front and side detectors with a probability of about 40—45% simultaneously register both
fission fragments; in about 25%, both fragments are absorbed by the front detector. In all other
cases only one fragment is measured (by the front detector) with an energy Er > 130 MeV.
In 37 out of 86 decay chains, both SF-fragments were registered. With the exception of five
events with E\,, = 200-240 MeV, related to the symmetric fission of nuclei with Z = 104-106
(see below), the remaining 32 SF-events (Z > 110) are presented in figure 16(d). In this figure,
the spectrum of summed energies of the SF fission fragments of 2>?No, observed at DGFRS
in the 2°°Pb(*¥Ca, 21)>*No reaction, is also shown. Comparing the experimental spectrum
Eo(**No) with the spectrum of the total kinetic energy (TKE) of this nucleus, measured in
[136], it follows that the detector practically does not distort the shape of the TKE distribution,
but shifts it by about 20 MeV. As previously mentioned, this happens due to the energy loss by
the fragment emitted in the backward direction in the dead layers of the front and side detectors.
In spite of the low statistics, the shape of the E distribution of the SF-fragments from the
decay chains, obtained in the fusion reactions from U to Cf + *¥Ca, differs insignificantly from
that of 2>No. However, the average energy is about 35 MeV higher than for the >>*No nuclei.
Unfortunately, when the DGFRS detector array registers the pair of SF-fragments from the
implanted nuclei, the mass (or energy) asymmetry of the fragments is strongly distorted by
the geometry of the detectors and does not reflect the fission mode of SF-nuclei. The SF
characteristics of the synthesized nuclei will be presented and discussed below.

4.2. Even-Z nuclei

We may achieve the largest neutron excess in the compound nuclei and in the evaporation
products by using heavy isotopes of even-Z actinides—>**Pu, *%Cm and >?>Cf—as target
material. With the exception of the highly radioactive 2>>Cf (in the experiments we used the
249Cf isotope), all the mentioned long-living isotopes (7i2 > 3 x 10° years) were used in
our long-term irradiations by intense “*Ca beams. Another advantage of the targets with even
atomic numbers is that a few other isotopes with shorter half-lives (77, > 5 x 103 years) are
also available. With a reliable safety system and control during the irradiation, they also work
for the experiments aimed at the synthesis of the heaviest nuclei. There is a definite meaning
in this.

By changing the mass of the isotope, it is possible to produce compound nuclei and
respectively, evaporation residues with the same number of protons, but with different neutron
numbers.
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In fact, the evaporation residue with Z = Zcy and N = Ney — x with a given mass
number can be produced in fusion reactions of “*Ca with different isotopes of the target nuclei
by ensuring the evaporation of the relevant number of neutrons. The change in the neutron
number may be achieved by varying the excitation energy of the compound nucleus. In
other words, in cross reactions with different target isotopes by varying the mass and/or the
excitation energy of the compound nucleus, it becomes possible to determine the number
of evaporated neutrons, leading to the formation of an evaporation residue with given decay
characteristics. On the other hand, the looked-for nuclide may also be obtained by varying the
charge (and mass) of the target nucleus; this allows the given nuclide to be obtained in different
ways: either directly as a neutron evaporation residue or as a daughter or even granddaughter
nucleus, the latter being the «-decay products of yet heavier nuclei. As will be shown below,
all these methods were used in our experiments for the identification of the atomic and mass
numbers of the evaporation residues in the fusion reactions of “Ca with actinide targets.

In connection with the following summary of the experimental results we shall make
some explanations. In columns 1-5 of table 1, the conditions of the performed 23 experiments
at DGFRS and of the two types of chemical experiments are presented. In the sixth column
are given the final results—number of events—of the evaporation products, obtained in the
various xn-evaporation channels. This information comes from the analysis of the results
of all experiments. The events differ from each other by their decay mode. Events of the
same type (decay mode, energy and time of correlated decays), observed in one and the same
reaction, are put together and are shown in figures 17, 19, 20, 21 and 23. As mentioned
previously, they are denoted by different symbols: k,l,m, ..., z,y, z (the 2’113 decay
sequence is shown in figure 23(a) without a symbol). The number of observed events
with a given decay mode and the reaction channel leading to the parent nucleus are also
presented (they are given in table 1 once more). At the same time, for each reaction the cross
sections of all observed nuclides obtained at the different excitation energy of the compound
nucleus (excitation functions) are also shown. The decay properties of the nuclei in the decay
sequences (decay energy, lifetimes, etc), as well as the identification of decay chains produced
in different reactions, are described in the text. The reader can find more specific information
for each reaction with all the observed sequences, the determination of the probability for
random correlations and other details in the original publications (see the references given in
table 1).

4.2.1. Synthesis of isotopes of element 114. In order to produce isotopes of element 114,
fusion reactions of >*’Pu and **Pu with **Ca-projectiles of different energies were chosen. The
conditions of performing the experiments and the observed decay events of the new nuclides
are collected in table 1.

In the 2**Pu + *¥Ca reaction at £; = 236 MeV, corresponding to an excitation energy of the
292114 compound nucleus E, &~ 35.2 MeV (here and further the average values E, are given,
the energy ranges AE, being shown in table 1), two identical decay chains were observed.
They look like sequential decays of the type R-«|-a»-SF with total decay time of about 40 s
(figure 17(a), sequence k). The yield of these nuclei grows by a factor of about 5 when the
energy is increased to E, ~ 41 MeV, but at further rise of the energy to E, ~ 47 MeV, the
yield decreases. At the highest energy E, &~ 52.6 MeV not a single nucleus with the given
decay properties was detected. For the five observed events, the difference in energy of two
correlated a-particles with E,; = 9.83 MeV and E,, = 9.17 MeV does not exceed the energy
resolution of the detector. The time distributions of the signals, arising from the decays of the
parent and daughter nuclei, indicate sequential radioactive decay with average decay times 7,1,
f4> and s also shown in the figure. The experimental values of the cross sections of nuclei
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with o = 141 + 1y + tsp =~ 40 s at different excitation energies E, are denoted by squares in
the lower part of figure 17(a). In the same figure, the calculated excitation functions for the
evaporation channels of the reaction >**Pu(**Ca, xn)*?~*114 are also shown [74, 137].

At the same time, in this reaction at E, > 41 MeV, other short-lived nuclei, undergoing
correlated R-«-SF decays within a time interval of about 1 s (figure 17(a), sequence 1), were
also observed. These nuclei were not found at E, = 35.2 MeV (the upper limit of the cross
section was found to be about 0.4 pb). However, at an excitation energy E, = 41 MeV
seven similar decays were registered. Four other such sequences were also observed at E, ~
47 MeV and, finally, at the highest energy E, = 52.6 MeV one more event was detected. All
12 events corresponding to short-lived nuclei are characterized by a strictly defined energy of
the «-transition, £, = 9.95 MeV and mean time 7, &~ 0.9 s. After the second «-transition in all
decay chains, spontaneous fission (fsg ~ 0.14 s) was observed. The production cross sections
for the nuclei with #, = 7, + fsg &~ 1 s at different excitation energies E, are shown by circles
in the lower panel of figure 17(a).

Besides the above-mentioned two types of decays, at the maximum excitation energy
E, =52.6 MeV, another event was detected as a new decay chain of the type R-o;-ot,-SF with
total decay time of about 6 s (figure 17(a), sequence m). In this event, the two sequentially
emitted «-particles with E,; = 10.03 MeV and E,, = 9.54 MeV, and #,, t,, and tsg differ in
energy and time from the five R-1-«»-SF chains, observed at the lower energy. Obviously, this
event belongs to the decay of another nucleus, which is formed only at the higher excitation
energy E, > 47 MeV (in the lower panel of figure 17(a), it is denoted by a triangle). We shall
come back to the interpretation of this event later.

The experiment with the 24?Pu-target was also performed at four different beam energies,
corresponding to the excitation energy range from 32.5 MeV to 45 MeV.

At the minimum energy of the compound nucleus >°114, E, = 32.5 MeV, six correlated
decay chains were registered. In five of them, the decay chains are of the R-oy-ce,-SF type
with o, & 6 s (figure 17(b), sequence o). In one case, a short sequence R-«-SF with ¢, + tsp &
4 s (sequence n) was observed. When the beam energy was increased by 3 MeV (E, =
35.2 MeV), five other decay chains R-o|-o»-SF were detected. In addition, five more events
were observed at the higher energy E, = 40.2 MeV. However, already at the energy E, =
45.1 MeV no event of the given type was detected. In all 15 R-a;-o»-SF events, when the
a-particle energy was measured by the front detector the deviation of the o-particle energy
of the first decay from the average value E,; = 10.02 MeV did not exceed 0.07 MeV, which
was practically defined by the energy resolution of the front detector. For the most part of the
second decay with E,, = 9.53 MeV, a similar situation took place. However, in three decays,
correlated with the first decay, a-particles with energies 9.34 MeV (two times) and 8.94 MeV
(not shown in figure 17(b)) were registered. In these events, as will be discussed below, the
a-transition leads to the ~0.2 MeV and ~0.6 MeV excited states of the daughter nucleus.

In 1 out of the 15 mentioned R-« |-a»-SF sequences, the granddaughter nucleus instead of
SF undergoes «-decay with E,3 = 9.70 MeV, 1,3 = 0.28 s; after that another «-decay follows
with Egq = 9.30 MeV, 44 = 0.42 s, and finally spontaneous fission occurs with Ey = Epy +
Epy = 228 MeV, tsg = 381 s. In the figure, these decays are shown as a continuation of the
sequence o.

In addition to the R-aj-a»-SF decays, at the energy E, = 40.2 MeV seven shorter 0.2 s
decay sequences were registered. In three cases, after the detection of the recoil nuclei,
a-decay with E, = 10.21 MeV, 7, =~ 0.10 s was observed, which was shortly followed by SF
(tsg ~ 0.8 ms). In the other four cases, the implanted nuclei undergo spontaneous fission with
fse ~ 0.17 s. At the higher energy E, = 45.1 MeV, the yield of nuclei, experiencing short
decay, decreased: only one decay chain of type R-«-SF and another R-SF were registered.
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Figure 17. (a) Upper panel: sequences of correlated decays in the 2**Pu + *Ca reaction. The
one-type chains are shown as one decay sequence and are denoted by k, I and m. Indicated are the
number of events of a specific type, the average «-particle energy and the average summed energies
of the SF-fragments, obtained in the given experiment. The decay times with errors (68% CL)
are for the observed number of events. Lower panel: production cross sections of nuclei having
the shown decays (denoted by letters) at different excitation energies of the compound nucleus.
The lines denote the calculated excitation functions of the xn-evaporation channels in the 2**Pu +
48Ca reaction. The black arrow shows the excitation energy of the compound nucleus 2°%114 at the
Coulomb barrier (B¢ = Bpass)- (b) As (a) for the 2*2Pu + 48Ca reaction (sequences 2, o and p).

Given the decay times of all nine events and the dependence of the yield on the excitation
energy, it is most probable that both decay chains R-«-SF and R-SF belong to the same nucleus.
As shown in figure 17(b), sequence p, this isotope undergoes with almost equal probability
both types of decays: «-decay and SF. It is noteworthy that in the case of «-emission, the
daughter nucleus decays by spontaneous fission within a short time, 7sg & 0.8 ms. Excitation
functions for nuclei with two decay modes, R-a;-o»-SF and R-«/SF-SF, are shown in the
lower panel of figure 17(b). Also here, the cross section for the one R-«-SF event (sequence
n), observed only at the low energy E, = 32.5 MeV, is shown.

Now we can summarize the results of the two experiments, carried out with the >**Pu-
and >*?Pu-targets at different **Ca energies.

In each experiment, we observe nuclei, which undergo different types of decays. This
difference manifests itself in the energies E,, and decay times 7, of nuclei comprising correlated
decay sequences of the types R-aj-o»-SF, R-a-SF or R-o¢/SF-SF. All 43 detected events in
our experiments belong to decay chains, which end by spontaneous fission. According to the
efficiency of the detector array, in 20 cases both SF fission fragments were detected with total
measured energy Ey, from 199 MeV to 230 MeV (Eior = 213.8 MeV). Correcting for the
energy loss of the fragments in the detector dead layers (see above), the measured value Ey
corresponds to TKE ~ 230 MeV.
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Figure 18. Energy spectra of a-particles of the decay chains, observed in reactions Act. + *3Ca
(marked by different colours). (a) Decay chains k and r from the reactions 244py + 48Ca (black)
and 28Cm + *8Ca (red), respectively (figures 17(a) and 19(a)). (b) Decay chains I and s from the
same reactions (figures 17(a) and 19(a)). (c) Decay chains o, t and v, observed in the reactions
242py + “8Ca (black), 2*>Cm + *8Ca (red) and 233U + *8Ca (green) (see figures 17(b), 19(b) and
20(a)). (d) Decay chains p, w and x, observed in the reactions 242py 4 48Ca, 25Cm + *¥Ca (red)
and 24°Cf + *8Ca (blue), respectively (see figures 17(b), 19(b) and 21(a)).

The spectra of the a-particles in the sequences with indices k, [, o and p are shown in
black in figure 18, graphs (a), (b), (c) and (d), respectively.

Let us consider the sequences R-o1-a;-SF at E, = 52.6 MeV for the 244py + *Ca reaction
and at E, ~ 35 MeV in the case of >*’Pu + *8Ca. As seen in figures 17(a) and (b) in the decay
chains m and o, all measured decay parameters—the «-particle energies E,, E,», as well as
the decay times, are equal within the accuracy of the measurements.

When this nucleus is formed as an evaporation product in the two fusion reactions
BCa + 22Pu,2*Pu, the difference in mass of the compound nuclei, ANcN = 2, is compensated
by emission of two more neutrons (Ax = 2), due to the increased excitation energy of the
compound nucleus ?°?114 by AE, ~ 17 MeV.

From these data and from the excitation function o (E, ), measured for nuclei which decay
by the sequences R-oj-a>-SF in the reaction >*?Pu + “8Ca (figure 17(b)), we can come to the
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conclusion that they belong to the isotope 287114, which is produced after the evaporation
of three and five neutrons from the excited compound nuclei >°°114 and 2°?114, respectively.
Then, the short decays R-a-SF and R-«/SF-SF refer correspondingly to the neighbouring
even—even isotopes %0114 and 2®¥114. Finally, the decay chains R-a1-a,-SF, lasting about
40 s and observed only in the **Pu + *3Ca reaction, belong to the decay of the odd isotope
289114. The same conclusion can be drawn if the two other chain pairs n and [ are considered,
although the energy of the a-particle in the chain n is determined with poor accuracy. In any
other versions of isotope identification, strong contradictions arise both in the decay properties
and in the cross sections (excitation functions).

At the same time, the identification of Z, A, as well as the decay characteristics of
the isotopes of element 114, obtained in the reactions 242py, 2Py + *8Ca, can be checked
independently. There are two ways to do so.

The observed isotopes 289289114, in principle, can be produced as daughter nuclides after
the «-decay of heavier ones—the isotopes of element 116. Conversely, the daughter products
of the a-decay of the isotopes of element 114 (nuclei with Z = 112) can also be produced as
evaporation products. In the first case, in the fusion reaction >*Cm + “8Ca, the compound
nucleus 2°°116 (N = 180) has two protons and two neutrons more than the compound nucleus
292114, which is formed in the ***Pu + *Ca reaction. At a beam energy corresponding to
the Coulomb barrier, the compound nuclei ?°116 and ?°*114 have excitation energies E™" =
30.4 MeV and 32.9 MeV [138], respectively (here and further, the estimation of Exmin is done
for spherical nuclei). Then, after «-decay of the isotopes of element 116, produced in the
24Cm + *3Ca reaction, the daughter nuclei must reproduce the scenario of the decay of the
isotopes of element 114 in the same evaporation channels as in the >**Pu + “8Ca reaction. A
similar picture is expected when the results of the two reactions >*°Cm + *8Ca and ?**Pu +
48Ca are compared. If the lighter isotope 2*’Cm were used as a target (as was in our case) then
identical decay sequences should be found in the daughter nuclei—the evaporation products
with Z = 114, formed in the (x — 1)n-channels of the >*’Pu + **Ca reaction.

In contrast, the compound nuclei 286112 from the fusion reaction 233U + *8Ca (E)‘Cnin =
31.7 MeV) have two protons and two neutrons less than the compound nuclei 2*°114, formed
in the 2*’Pu + “8Ca reaction. Thus, when the number of evaporated neutrons is the same (x =
3 or 4), the evaporation products of the reaction 233U + *8Ca will be the same isotopes 23112
and 282112, which are daughter nuclei after the a-decay of the isotopes 2*7114 and 28114 from
the >*?Pu + *8Ca reaction.

The following experiments were dedicated to the investigation of these two cases.

4.2.2. Synthesis of isotopes of element 116. For producing the isotopes of element 116, two
targets made of the enriched isotopes *°Cm and >**Cm were used.

It is remarkable that the compound nucleus >°°116, produced in the fusion of >**Cm and
48Ca nuclei, has the maximum neutron excess (Neny = 180). At present, the investigation of
this reaction has been done at the two energies £, ~ 33 MeV and 39 MeV (we plan to continue
the measurements for higher energies).

In this reaction two new nuclides were observed. They underwent sequential decay as
R-a1-05-a3-SF and R-o1-ar»-SF, considerably differing in decay time (figure 19(a), sequences
r and s). Presenting in more detail the results of this experiment, we have to underline
that at the energy E, ~ 33 MeV three events were registered, evidencing the production of
nuclei, which decayed in about 1.5 min by the four steps: R-aj-a»-a3-SF. Two other events
with similar properties were registered at the higher energy, E, & 39 MeV. Let us compare
the decay chains r, figure 19(a), and sequence k, figure 17(a). It can be seen that after the
emission of the first ¢-particle with E,; = 10.54 MeV and 7,; &~ 90 ms the subsequent decay
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Figure 19. As figure 17 for the decay chains of nuclei, observed in the reactions (a) 2*¥Cm + *8Ca
and (b) 23Cm + *¥Ca.

of the nuclei, produced in the 2**Cm + *3Ca reaction, completely reiterates the chain, observed
for the 28?114 isotope that was synthesized in the reaction >**Pu(*3Ca, 31n)**°114. Thus, the
observed decay sequence R-ai-a»-a3-SF is governed by the decay of the nucleus 2°*116, an
evaporation residue from the >*%Cm(*3Ca, 31)>**116 reaction. It should be noted that the rise
of the cross section of the isotope 2*116, connected with the increase of the excitation energy
of the compound nucleus 2°°116 from 33 MeV to 39 MeV, is consistent with the expected
excitation function for the 3n-evaporation channel of the fusion reaction 2**Cm + *8Ca.

Other sequences R-o|-a,-SF with shorter decay times of about 1 s were not observed at
the minimum excitation energy E, ~ 33 MeV. Six decay events of this type were registered at
E.~ 39 MeV. From the comparison of the sequences s and I shown in figures 19(a) and 17(a),
it follows that after the emission of the first a-particle with E,; = 10.66 MeV and 7,; ~ 26 ms
the subsequent decay completely corresponds to the chain, observed for the %8114 isotope,
synthesized in the reaction **Pu(**Ca, 4n)**®114. The significant increase in the production
cross section of the isotope 22116, which is due to increase in the excitation energy from
33 MeV to 39 MeV, also agrees with the expected excitation function for the 4n-evaporation
channel of the fusion reaction 2*Cm + “8Ca (lower panel in figure 19(a)). We presume that the
further increase in the **Ca-beam energy by about 5 MeV can lead to a rise in the production
cross section of the isotope 2°2116.

In the experiment with the >**Cm + *8Ca reaction, the a-particle spectra of the daughter
nuclei—the isotopes 2%°114 and ?%¥114—coincide, as expected, with the spectrum of the
parent nuclei, obtained earlier in the same evaporation channels of the reaction 2**Pu(**Ca; 3n,
4n)?8%-2881 14 (see figures 18(a) and (b), red and black colours, respectively). An exception is
only one decay sequence of the odd isotope 2116 — a; — %114 — oy — 25112 — a3 —
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281110 (SF). In this decay chain, the energy E,, = 9.48 MeV, possibly also E,; =
9.03 MeV, differs from the energies E,, = 9.82 MeV and E,; = 9.15 MeV, observed in
nine other sequences, registered in the >**Pu, >*%Cm + “8Ca reactions. Given the energy
resolution FWHM =0.06 MeV in this experiment, the difference AE,, ~ 0.35 MeV could
find an explanation as a transition to an excited state of the daughter nucleus %3112,

The next experiment with the other reaction *Cm + *® Ca was performed at several
beam energies that corresponded to excitation energies of the compound nucleus >°*116 from
33 MeV to 43 MeV. A total of 15 correlated decay chains of two types were registered
(figure 19(b)). Both decay modes were observed at the minimum energy E, = 33 MeV as
two chains R-o1-ap-a3-SF with total decay time of about 10 s and as three shorter chains
R-a1-05/SF-SF lasting 0.5-0.9 s. At a higher energy, E, ~ 38 MeV, only one event of the first
type was registered. However, in this case, the granddaughter nucleus instead of spontaneous
fission underwent a-decay (similarly to what was seen in one decay event of the isotope 287114
in the reaction 2*’Pu + *8Ca, see figure 17(b), sequence o). In this chain, after emission of
the fourth a-particle with 7,4 = 0.7 s, two more «-decays with 7,5 = 0.37 s and 7,6 = 94.1 s
followed. After this, spontaneous fission was observed with fsp = 21 min and summed energy
of the two fragments E\,, = 240 MeV.

At the excitation energy E, ~ 38 MeV five additional short R-oj-a»-SF chains were
observed. Finally, at the maximum energy E, &~ 43 MeV, long chains were not seen. Here four
events, corresponding to short R-o1-cp/SF-SF sequences, were registered. The energy E,, and
the average time 7, of all nuclei in the decay chains shown in figure 19(b) give evidence of the
production of two new isotopes (¢ and w) with different decay properties. Their production
cross sections at different excitation energies of the compound nucleus 2°3116 are presented
in the lower panel of figure 19(b).

For the nuclei, which undergo R-«j-o-a3-SF decay, after the emission of the first
a-particle with E,; = 10.74 MeV, all subsequent decays reiterate the decay chains of the
27114 isotope, formed in the 242py(*8Ca, 3n)?%7114 reaction (see sequence o, figures 17(b)
and 19(b), as well as the «-particle spectrum in figure 18(c)). It follows from here that the
first w-decay with E,; = 10.74 MeV, 7,; &~ 26 ms comes from the isotope 291116, which
was observed in the 2¥Cm(*3Ca, 21)*'116 reaction at E, ~ 33 MeV with the cross section
02, = 0.9"%% pb. In the decay of the '116 nucleus, similarly to the isotope *7114, a long
decay sequence R-or -cts-. . .-a¢-SF was once more registered. The difference between them
lies in that the spontaneous fission, which terminated the six sequential «-transitions from the
nucleus >°'116, belongs to the isotope *’Rf (tsg = 110 min), whereas in the decay of 287114
spontaneous fission originated from the descendant—the isotope 2’'Sg (¢sg A 2.8 min).

In 12 decay sequences of another nucleus, after the emission of an «-particle with
Ey1 = 10.87 MeV, 1,; =~ 10 ms, the daughter nucleus undergoes practically in equal shares
either o-decay with E,, = 10.17 MeV or spontaneous fission with 7,/sg 22 0.16 s. In the case
of «-decay, the granddaughter nucleus undergoes spontaneous fission with fsg &~ 1.5 ms.

As can be seen from figure 19(b) chains v of type R-o;-ap/SF-SF and from
figure 18(d) («-particle spectra), the decay of the daughter nucleus «,/SF-SF reiterates the
scenario and the decay properties of the even isotope 26114, produced in the 2*?Pu(**Ca,
4n)?80114 reaction.  This implies that the first «-transition with E,; = 10.87 MeV,
f,1 ~ 8.5 ms belongs to the decay of the even—even isotope >°°116, which is formed in
the 2%Cm(*3Ca, 3n)*°°116 reaction. Indeed, the maximum cross section of the isotope 20116
is observed at E, &~ 38 MeV (figure 19(b), lower panel) in agreement with the expected
3n-evaporation channel of the >Cm + “8Ca reaction.

Summarizing the results of the experiments with the 2*Cm and 2**Cm targets, we may
conclude that all four synthesized isotopes of element 116 are a-emitters. In the consecutive
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a-transitions, they fully reiterate the decay sequences of the daughter nuclei—the isotopes
of element 114, synthesized in the reactions 242py and *Pu + *3Ca. Also, for all the four
isotopes, the energies Q, and half-lives T, were determined.

4.2.3. Evaporation residues with Z = 112. Five isotopes 232U and 233U can be, in
principle, used as target material for the synthesis of the isotopes of element 112 in fusion
reactions with the projectile **Ca. We have performed experiments only with the two isotopes
233U and 238U.

The choice of the target 233U is, in fact, an advance to the neutron-deficient nuclei. In
the 23U (*8Ca, 3-4n)2"8277112 reaction, the evaporation residues have altogether 166 and 165
neutrons. The decay characteristics of the isotope 27112, which was synthesized in the cold
fusion reaction 2°*Pb(7°Zn, n)*"7112 [139, 140], are known. The properties of the neighbouring
even—even nucleus 278112, as it follows from predictions and from the experimental data,
obtained for nuclei with Z < 112, can be estimated quite correctly. This isotope, the product
of the reaction 233 U(*¥Ca, 31)>’®112, should be reliably detected by our setup.

The experiment was performed at the **Ca-beam energy, corresponding to the excitation
energy range 32.7 < E, < 37.1 MeV, where almost equal cross sections are expected for the
3n- and 4n-evaporation channels. In a lengthy irradiation of the 233U target by a beam dose
7 x 10'8, not a single event was observed. With the fast mode of detection at the DGFRS, it
is practically improbable that such result could be due to the short decay time of the isotope
278112. Therefore, the upper limit of the cross section of the looked-for isotopes of element
112 was determined at a level of 0.6 pb.

The reaction with the isotope 23U was performed at three energies: E, = 31.4, 35.0 and
39.8 MeV. At the lowest energy, E, = 31.4 MeV, one event was registered, corresponding to
an R-SF decay with tsg = 4.84 s. At the energy E, = 35 MeV, six other events were observed:
two R-SF chains (as in the previous case) and three R-«-SF chains with total decay time of
about 3 s. The sixth event represents a long chain of sequential «-decays, R-o1-or-cr3-0t4-SF,
lasting about 3.3 h (see figure 20(a), sequence v). In this decay, the spontaneous fission of
the daughter nucleus competes with o-decay, which, in turn, prolongs the decay by two more
a-transitions and leads to a SF-emitter with fsg = 3.33 h. The energies of the «-particles in
all R-«-SF decay chains coincide with each other and are equal to E, = 9.54 MeV. The time
of the sequences R-«-SF, R-SF and the two first @-transitions in the long R-o/1-or-c3-0t4-SF
chain agree with each other within the statistical time distribution of the decay events with
Ti/» ~ 4 s. Most probably, all seven registered events can be assigned to the decay of one
nucleus that undergoes R-a-SF decay (E, = 9.54 MeV, 1, ~ 5 s, fsg ~ 0.1 s). However, it
should be noted that the three-fold loss of an «-particle in the R-«-SF decay chain amounts to
about 4.5%. It can be that because of the large difference in the half-lives of 283112 (T, ~ 4 s)
and the neighbouring even—even isotopes 282112 (Tsp &~ 0.5 ms) and 24112 (Tsp ~ 0.1 s), the
even—odd nuclide, formed as an evaporation product in the >3¥U + *3Ca reaction, with small
probability may also undergo spontaneous fission (see below).

At the maximum energy, E, = 39.8 MeV, the above-mentioned chains were not observed.
Here, only one short R-SF decay chain with 7z = 0.21 ms (figure 20(a), sequence w) was
registered. The energy spectra of the a-particles, obtained in the reaction 2*¥U + *8Ca in the
chain v, are shown in figure 18(c) in green. From the comparison of the decay characteristics
of the nuclei, shown in figures 20(a) and 17(b), as well as in figure 19(b), it follows that
the sequences, observed in the 23U + *3Ca reactions, reiterate the decay of the daughter
nuclei 287114 and %6114 (or of the granddaughters of the nuclei ?°'116 and ?*°116). From the
excitation functions of the isotopes 283112 and 28?112 (lower panel of figure 20(a)), it is also
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Figure 20. (a) Decay chains v and w, observed in the 238y + 48Ca reaction. (b) Calculated
excitation functions for the 2n-, 3n- and 4n-evaporation channels of the 28y 4+ 48Ca reaction;
squares and circles—experimental cross sections correspond to v and w decay chains. (c) All
decay sequences registered by the detector array of DGFRS at the **Ca-beam energy of 234 MeV
(Ey=32.9-37.2 MeV). For each nucleus in the sequences shown are: the energy, time and position
of the signals due to the emitted particles; for the recoil nuclei implanted in the front detector the
energy and position are given. (d) Cross sections (and upper limits) of the production of the 283112
isotope in the 238U + #8Ca reaction, measured at different setups (indicated in the figure) in the
experiments of [121, 141, 142]. The dashed line reflects the width of the excitation function of the
3n-evaporation channel according to statistical calculations and observations in other Act. +*8Ca
reactions. See also the Note on page R237.

seen that these nuclides are formed in the 3n- and 4n-evaporation channels of the 238U + “8Ca

reaction.

What concerns the 233U + *8Ca experiments, it is necessary to make a few remarks.

The experiments Act. + *3Ca were started in 1998 (they were continued in 2002—2003) as
an attempt to synthesize element 112 in the 23U + *3Ca reaction [143] with the VASSILISSA
separator. In these experiments at the excitation energy E, ~ 33-36.5 MeV, corresponding to
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the maximum of the 3n-evaporation channel, spontaneous fission was observed with Tsg ~
3-5 min. At E, ~ 39 MeV, the effect was not seen. However, the results were not confirmed
at DGFRS (see above). Not excluding a priori the possibility of various ways of decay of
the even—odd nucleus 283112—the evaporation residue of the 238U + *8Ca reaction, we plan to
investigate the reason for this evident inconsistency separately after the programme at DGFRS
is fulfilled. Meanwhile the attempts to observe the isotope 2%*112 in experiments at BGS
(LBL, Berkeley) gave no result. The upper limit of observation of 283112, as estimated by the
authors, was o3, < 2.0 pb (84% CL) [141].

Finally, at the SHIP separator (GSI, Darmstadt) in the same reaction 2*U + *Ca at E, ~
34.5 MeV one spontaneous-fission event was observed with tsg = 7.57 s with the two fragments
registered with E, = 206 MeV (TKE ~ 242 MeV) [142]. At the higher energy E, ~ 37 MeV,
as well as at the lower energy E, ~ 31.8 MeV, an upper limit of the cross section was determined
as 0 < 0.6 pb and o < 0.9 pb, respectively. All cross sections, obtained in the mentioned
experiments, together with the data from DGFRS are presented in figure 20(d). In the left part
of the figure (panel c) are shown all events, registered at the separator DGFRS in the 238U +
48Ca reaction at E, & 35 MeV (the beam dose being 7.1 x 10'®) [121]. Four out of six decay
sequences in all details (including the a-decay of >’’Ds and subsequent decays) reiterate the
decay of the daughter and granddaughter nuclei, namely 2*7114 and >°'116, produced in the
3n-channel of the reaction 2*2Pu + “®Ca, in the 5n-channel of the 2**Pu + *®Ca reaction and
the 2n-channel of the reaction >*Cm + *3Ca, respectively. As it will be shown later, these
sequences are completely adequate to the decay of the isotope 283112 in the experiment aimed
at the chemical identification of element 112 (see below).

At the same time, as it follows from the experiments 233U + *%Ca (Ncy = 169) and 23'Np +
#BCa (Nen = 172), the latter will be described below and the former considered reactions
242244py 245280 4+ “8Ca (Neny = 176-180), the cross sections of the xn-channels of the
reaction 28U + “8Ca (Ncy = 174) are smaller than for nuclei with higher Zcy and greater
neutron excess. This question will be discussed later in connection with the mechanism of
fusion and survival of nuclei in Act. + *3Ca reactions.

4.2.4. Synthesis of element 118. Decay properties of the isotopes of element 118 are
of interest as a test for the predictive power of microscopic models. As mentioned earlier,
practically all model calculations of nuclear masses point to the existence of the closed neutron
shell N = 184, whereas for the position of the proton shell there are different versions. We
may suppose that the differences in the predicted closed proton shell will manifest themselves
in the decay properties of the isotopes of the elements with Z > 120 [40—42]. Meanwhile
the heaviest nuclei, which may be produced with “*Ca-projectiles, are the isotopes of element
118—a product of the reaction >*’Cf + *8Ca.

For instance, the even—even nucleus with Z = 118, A = 294 according to the MM-model
(ZspypLL = 114) [144] will undergo «-decay with Q, = 12.11 MeV and T, ~ 0.1 ms. In
the HFB-model [27, 145], the values Q, = 11.31 MeV, T,, ~ 7 ms are predicted, whereas in
the RMF-model [146] they are O, = 11.03 MeV, T, ~ 35 ms. The uncertainty in the decay
energy, predicted in the different models, amounts to more than 1.0 MeV and the half-lives
vary by about three orders of magnitude.

The variations in the heights of the barriers of the isotopes of element 118, predicted in
the different models, mean different survivability of the compound nuclei and, consequently,
different cross sections of the evaporation residues. In the MM-model, the expected cross
section for producing nuclei with Z = 118 (Z > Zsygr 1) is less than for the isotopes of element
114 (Z = ZspgLL). At the same time, in the microscopic models (Z < Zsygr 1), the advance



Topical Review R205

to the proton shell Zgyg; 1 = 120, 122 or 124 can, in contrast, bring forth an increase of the
survivability of the compound nuclei with Z = 118.

The first attempt to synthesize element 118 was done in 1999 in the cold fusion reaction
208p (89K, 7)>°3118. The expected enhanced probability of fusion of the magic nuclei 2°Pb
and ®Kr [147] compared to the °®Pb + 7°Zn reaction was not observed; from the data
of several experiments, an upper limit of the cross section, o, < 0.2 pb, was obtained
[148-151]. As it follows from calculations (figure 7(a)) and from the data shown above
(see figure 9(c)), this result could be explained in terms of factors that hinder the fusion of
such massive nuclei and, for this reason, by small formation cross section of the compound
nucleus 2#118.

In our experiments, we used a more asymmetric reaction: fusion of 2*°Cf and “*Ca.

In this reaction, the compound nucleus 2’118 is by 2p and 2n (or by an «-particle)
heavier than the nucleus 293116, produced in the reaction 25Cm + *8Ca. In the two reactions,
the compound nuclei 27118 and 2116 have, at the Coulomb barrier, almost equal excitation
energy: 26.6 MeV and 28.9 MeV, respectively. In the case of «-decay of the isotopes of
element 118, their daughter nuclei must completely reiterate the scenario of the decay of the
isotopes of element 116, which are formed in the same evaporation channels of the ?Cm +
48Ca reaction.

The experiment was carried out at two “®Ca-beam energies, corresponding to excitation
energies of the compound ?°’118 nucleus: E, ~ 29.2 MeV and 34.4 MeV.

During the 2300 h irradiation (dose 2.5 x 10'?) of the >*°Cf-target (0.23 mg cm~? thick),
at the beam energy corresponding to E, ~ 29.2 MeV only one R-«-»-SF decay chain, lasting
0.56 s, was observed [130]. In the search for R-SF correlations, we analysed all 18 signals
from fission fragments, observed in this experiment, and found only one event as a possible
candidate for SF-decay. In this event, after detection of the recoil nucleus, 3.2 ms later,
the front and side detectors registered spontaneous fission with summed energy of the two
fragments E, = 223 MeV (TKE = 245 MeV). In the second experiment, performed 3 years
later with a thicker target (0.34 mg cm~?) and at a higher energy E, ~ 34.4 MeV and with a
beam dose 1.6 x 10'°, we observed two other decay chains: R-aj-a»-SF and R-1- oz-0e3-SF
with o ~ 0.16 s [152]. No R-SF correlations were observed in this run. Considering all
three «-decay chains together, it was determined that the energies of the «-particles from the
first two decays are in agreement with each other. They are E,; = 11.65 MeV and E,, =
10.82 MeV, respectively. In one of the three cases, in the third decay, instead of spontaneous
fission, a-decay with E,3 = 10.16 MeV and 7,3 = 0.15 s was observed, after which 2.7 ms later
spontaneous fission occurred. The energies and decay times of the nuclei in the decay chains
show that all three events belong to the decay of the same nucleus. The decay properties of
this nuclide are shown in figure 21(b) by the chain x.

The latter can be compared with two other chains from the decay of the nuclei >°'116
and 2°°116 (see chains ¢ and w in figure 21(a)). From the a-particle spectra, presented in
figure 18(d), it is seen that after the «-decay of the nucleus (E,; = 11.65 MeV), produced
in the reaction 2*Cf + “8Ca, all its subsequent «»-SF/a3-SF decays coincide with the
properties of the isotope 2°°116 and differ (especially in the daughter products) from the
decay characteristics of the neighbouring isotope 2°'116. Therefore, the observed decay
sequence R-a»-SF/a3-SF results from the decay of the even—even nucleus 24118, produced
in the reaction >*°Cf(**Ca, 3n)***118. Having three events of a-decay of the nucleus >**118
and only the one above-mentioned R-SF event, we can point to the insignificant limit relative
to spontaneous fission bsg < 50%. The production cross section of the isotope 284118,
o3, = 0.5110‘_63 pb at E, ~ 344 MeV, is consistent with the expected excitation function for
the 3n-evaporation channel in the reaction 29Cf + *8Ca (see the lower panel in figure 21(b)).
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Figure 21. (a) Decay chains of the isotopes 221116 and 2°°116, obtained in the 2*Cm + “8Ca
reaction. The «-particle energies and mean decay times of the daughter nuclei, the isotopes with
Z =114, 116, 112,..., are determined from all events and in all reactions, where these nuclides
have been observed (see table 3). (b) The chain of sequential decays of the Z = 118, obtained
on the basis of three events in the reaction 2*Cf + *8Ca at Ep 4, = 245 MeV and 251 MeV (see
table 1). The comparison of the decay properties of the nuclei shown in both figures allows making
a conclusion that all chains observed in the reaction 2*°Cf + 48Ca pertain to the decay of the
even—even isotope of element 118, produced in the reaction 2**Cf(*3Ca, 3n)***118. In the lower
panel, the calculated excitation functions of the reaction 249Cf(48Ca, xn)297**1 18 are compared
with the experimental data.

The question of the low cross section for producing the isotope %4118 we shall discuss below
together with all experimental results.

In this way, in the fusion reactions 238y, 242.244py 245.248Cm and 2*°Cf + *8Ca 15 formerly
unknown, even-Z heaviest nuclei with mass from 279 to 294 and atomic number from 110
to 118 were synthesized. All four isotopes of element 116 with mass A = 290-293 decay
by emission of «-particles with a half-life from 7 ms to 60 ms (figure 19). Their daughter
products,four isotopes of element 114, are also «-emitters with 77, = 0.13-2.6 s (an exception
is the light even—even isotope 28114 with a branch bsg &~ 50%). Spontaneous fission is the
basic mode of decay of the even isotopes of element 112: 282112 (Tsg &~ 0.8 ms) and 234112
(Tsg =~ 0.1 s); for them, in all the observed 12 and 19 events, respectively, not a single a-decay
was observed. These nuclei end the chains of the «-decays of the heavier precursors—the
even isotopes with Z > 114. In contrast, the odd isotopes 2112 (T}, ~ 3.8 s) and %112
(T1/2 ~ 30 s) undergo a-decay. Spontaneous fission becomes the main mode of decay of the
daughter products—the odd isotopes with Z = 110: 277110 (Tsg ~ 0.2 s) and 281110 (Tsg ~
11 s). About 10% of the events correspond to a-decay of the isotope 2’°110. During the
experiment, in the reactions 2*%U, 2*’Pu and **Cm + “8Ca, only three a-decays of the nucleus
279110 were observed. However, these three events open a unique possibility of obtaining new



Topical Review R207

neutron-rich isotopes of the already known elements, such as 2°’Rf (N = 163) or ?’!Sg (N =
165). They contain 4-5 neutrons more than the heaviest known isotopes of these elements,
obtained in hot fusion reactions with 2’Ne [153] or 2Mg ions [154]. The new isotopes of
the first trans-actinides are situated near the closed shells Z = 108, N = 162. High stability
relative to different radioactive decay modes is expected for them. These expectations, as it
will be shown below, are now confirmed by the experiment. Altogether, this is a wide region
for studying the effects of nuclear shells on the decay properties of heavy nuclei.

Unfortunately, the ways to such neutron-rich nuclei are blocked by spontaneous fission of
the heavier predecessors. In order to avoid this constraint, it is reasonable to obtain nuclei with
an odd number of protons (or, even better, with an odd number of neutrons). As is known, the
odd nucleon in the nucleus reduces the probability of «-decay on the average by about a factor
of 3—10 and that of spontaneous fission by more than three orders of magnitude. Because of
this, if isotopes with an odd number of protons, such as 237Np, 23 Am or 2Bk, are used as
targets, then, in fusion reactions with “®Ca, it may become possible to obtain isotopes of the
odd elements 113, 115 and 117, which will undergo sequential o-decays, leading to nuclei
with Z = 103-105. We used two of these reactions to synthesize isotopes of elements 113
and 115.

4.3. Odd-Z nuclei

4.3.1. Synthesis of isotopes of elements 115 and 113. According to the calculations [74,
137] and the experimental cross sections o ,,(E,) of evaporation residues, measured in the
238y, 242.244py, 245.28Cm and 2*Cf + *3Ca reactions, the 3n- and 4n-evaporation channels of
the 23 Am + “8Ca reaction, leading to the isotopes 288115 and 2871135, should be observed with
the highest yields.

The 3n-evaporation channel results in the odd—odd isotope of element 115 with mass 288.
The expected decay scenario of this isotope according to macro-microscopic calculations
[39, 144] is shown in figure 22. The decay chain of the odd—odd isotope of element Rg (Z =
111) with mass 272, produced in the cold fusion reaction 209B(*4Ni, 1n)272Rg [139, 155, 156],
is shown for comparison. For the first five a-transitions in the decay of 288115, with «-decay
energies varying from Q, = 10.95 MeV for 28115 [144] to Q, = 9.08 MeV for 2’’Bh [39],
one would expect a total time interval of about 10 s. The probability of spontaneous fission for
these isotopes is rather low (taking into account the decay properties of neighbouring even-Z
nuclei and the hindrance factors for fission of odd isotopes).

A considerable increase in lifetime could be expected for the following nuclei, 2°*Db
(Qy =7.80 MeV, T,, > 5 h) and 2%“Lr (Q, = 6.84 MeV, T,, > 100 d) [39]. For these nuclei, the
competition of spontaneous fission or electron capture (EC) with a-decay could be larger. The
electron capture of the odd—odd isotopes 2°Db or 2*‘Lr leads to the even—even isotopes **Rf
or 2%*No; for them, spontaneous fission with a short lifetime is expected (e.g., Tsp = 1.4 s is
predicted for 2°°Rf [25]). Thus, the decay chain of the parent nucleus **®115 should terminate
by spontaneous fission after a time interval essentially exceeding the total decay time for all
preceding «-decays. A comparable decay pattern is expected for the neighbouring isotope
287115.

The Coulomb barrier in the *>Am + “8Ca reaction is about 236 MeV. With 248 MeV
“8Ca-projectiles, the excitation energy of the compound nucleus 2°'115 is E, ~ 40 MeV,
corresponding to the maximum for the 3n-evaporation channel, resulting in production of the
isotope of element 115 with neutron number N = 173. During a 270 h run, a beam dose
of 4.3 x 10'® projectiles was delivered to the target. In this run, three R-o1-0tp-0t3-04-0t5-SF
sequences that lasted for about 1 d were registered. This experiment was already described
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Figure 22. Expected decay chain for 28115 [39, 144] and the decay chain observed for the parent
nucleus 272Rg [139, 155, 156]. The calculated deformation parameters £, [39, 144] are shown for
each isotope.

in detail as an example for the performance of DGFRS when registering long-lasting decay
sequences (see figure 15).

The R-aj-oz-a3-a4-0t5 sequences were detected in total time intervals of 15-29 s; the
SF-decays of the final nuclei in the chains were detected 17-29 h after the last «-decay.
The a-particle energies for each isotope in all observed decay chains are equivalent within the
energy resolution of the detectors. One can conclude that in all three cases we observed decays
originating from the same parent nucleus, most probably from the isotope 23115 (see chain
vy in figure 23(b)). The corresponding cross section at 248 MeV *8Ca-ion energy amounts to
o3, = 2714186 pb

This conclusion may get support through application of the systematic behaviour of the
cross sections o ,(E,) of complete-fusion reactions shown in figure 23(b), right graph. Indeed,
if the 3n-evaporation channel was observed at £, = 40 MeV, then a small increase of the
bombarding energy (by about 5 MeV or 2%) should result in decreasing the production cross
section. That is why the next experiment was performed at the energy E, ~ 44.5 MeV, close
to the expected maximum for the cross section of the 4n-evaporation channel.

During the second 250 h run, the same beam dose of 4.3 x 10'® was delivered to the
target. One decay chain only, consisting of four «-decays and a spontaneous-fission event,
was registered at £, ~ 44.5 MeV (chains z, figure 23(b)). The beam was switched off after
the detection of an EVR signal followed 46.6 ms later by an «-particle with E, = 10.59 MeV.
Three other «-decays were detected during a time interval of 0.4 s. The first of them
(Eyr = 10.12 MeV) was registered in 0.147 s; after 0.245 s, the next a-particle with E,3 =
10.37 MeV (1.30 MeV + 9.07 MeV) was detected by both the front and a side detector. The
last a-particle (E,4 = 10.33 MeV) was observed after 14.0 ms, and 106 min later, a SF-event
was detected in the same position on the strip with a summed energy E = 170 + 36 =
206 MeV.
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Figure 23. (a) Decay chains, observed in the reaction 23’Np + #3Ca at excitation energies of
the compound nucleus 283113 E, = 36.9—41.2 MeV, corresponding to the maximum of the 37-
evaporation channel (see the text). (b) Correlated decay chains y and z, obtained in the reaction
243 Am + *8Ca at two excitation energies of the compound nucleus (indicated in the figure). For the
odd-odd isotopes 2°°Db and 2°®Db the data rsg(exp) are comparable with the expected values 7gc.
Because of this, the experimentally observed spontaneous fission can be assigned to the even—even
isotopes 2°°Rf and 20%Rf, respectively. On the right-hand side of the chains the calculated excitation
functions of the xn-evaporation channels of the ?**Am + *8Ca reaction are shown. The points with
error bars are the experimental cross sections.

As can be seen from figure 23(b), the decay pattern of these nuclei is similar to that
in the previous three chains observed at E, ~ 40 MeV. However, the decay properties are
significantly different. The total decay time of this chain is about ten times shorter, and the
a-decays are characterized by higher a-particle energies and shorter lifetimes; in particular,
the «-particle energies of the third and fourth nuclei in the last chain are larger by about
0.6 MeV. Therefore, this short-lived decay chain originates from another parent nucleus.

The aforementioned R-o-...-a5-SF decay chains, observed at E, =~ 40 MeV,
corresponding to the expected maximum for the yield of the 3n-evaporation channel, were not
seen at £, &~ 44.5 MeV. That is in agreement with expectations for the 3n-evaporation channel.
Consistent with this observation, the shorter lived decay chain was not observed at E, ~
40 MeV. It is most probable that this shorter lasting decay originates from the parent odd—even
isotope 287115, produced in the reaction 2> Am(*¥Ca, 4n) at the higher excitation energy, E, =
44.5 MeV. The corresponding cross section amounts to o4, = 0.9130'_28 pb.

In the single decay chain originating from 287115, we assume that we have missed the
a-decay of 2’'Bh. Indeed, in four decay chains, in total 19 a-particles were registered, using a
detector with 87% efficiency. Thus, the loss of one «-particle seems rather probable. Because
of the high energies and relatively long decay times of the four observed a-particles, they
could not be assigned to the decays of nuclei with Z < 107. The expected T, value for >’'Bh
is ~10s (Q, =9.07 MeV [39], T, = 5 s for an allowed transition). This is much shorter than
the interval between the last observed «-particle and the terminating SF-event, but is much
longer than the intervals between the observed correlated «-particles. The assignment of SF
to 27'Bh would result in a Q,, upper limit for this isotope at 0.7 MeV lower than the calculated
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value [39] (applying a hindrance factor of 5). Therefore, we assume that an unobserved o-
decay of ?”'Bh occurred in the time interval between the fourth a-particle and the spontaneous
fission.

In this decay chain, the SF occurs directly in the decay of 2°’Db, since the calculated
«o-decay and EC-decay energies for this nucleus are rather low (Q, = 7.41 MeV [39], T, ~
10 d; Qpc = 0.79 MeV [157], Tg ~ 1 d [158]) and its expected partial half-lives significantly
exceed the observed time interval of 106 min.

4.3.2. Elements 113 as an evaporation product. Having synthesized the isotopes with Z =
113 as a-decay products in the **Am + *%Ca reaction, we also tried to synthesize element
113 as an evaporation residue of the 2*’Np + “8Ca reaction. According to calculations and all
earlier investigations with **Ca-induced reactions, the highest cross section is expected for the
3n-evaporation channel leading to the formation of the odd—odd nucleus 22113 (N = 169).
The data of this experiment are at present being analysed and the results shown below are only
preliminary.

During a 970 h run, a beam dose of 1.1 x 10'° projectiles was delivered to the 23’Np-
target. In the given experiment, at the beam energy Ey,, = 244 MeV (the excitation energy
interval of the compound nucleus 2°113 is E, = 36.9-41.2 MeV), two events were observed.
The experimental conditions (see table 1) and the properties of the nuclei in the decay chains
(figure 23(a), it is shown without a symbol) imply that most probably these events can be
assigned to the evaporation product of the reaction >*’Np(**Ca, 31)?%2113.

In the first event, the registration of the recoil nucleus and the a-particle with an energy
Ey1 = 10.62 MeV and decay time 7,; = 88.9 ms switched the beam off. All the following
decays were observed without background from the projectiles coming from the separator.
The second a-particle with an energy E,, = 10.69 MeV was registered after 7,, = 6.2 ms.
The third a-particle with an energy E,3 = 10.02 MeV was detected after #,3 = 472.6 ms only
by the side detector (without a position signal). The probability of random registration of
this a-particle is ~1073. After t,4 = 87.98 s, a fourth a-particle was observed with Eyy =
8.93 MeV. In 31.74 min after the emission of the fourth «-particle, spontaneous fission was
registered as two fission fragments with E,, = 174 MeV.

For the second event, the first three «-transitions, E,; = 10.64 MeV, t,; = 122.7 ms;
E,» =10.80 £ 0.76 MeV (the side detector), f,», = 5.8 ms and E,3 =9.76 MeV, t,3 = 810.1 ms,
are consistent with those observed for the first event. Unfortunately, the high registration
threshold for the third «-particle (E,3; > 9.9 MeV) did not prolong the beam-off time. This
switched the beam on, which increased the probability of random coincidences in the last
two long decays (the fourth o-particle and the single SF-fragment). At the same time, the
probability of random correlation of the first three decays R-«j-ap-a3 lasting <1 s amounts to
4 x 107, This event may be used for clarifying the parameters of the first decay chain and
determining the cross section of the reaction 2>’Np(*3Ca, 31)?%2113. The corresponding cross
section at 244 MeV *¥Ca-ion energy amounts to o3, = 0.9;% pb.

4.4. Chemical experiments

The chemical studies on the superheavy elements comprise a new field in the setting up of
experiments aimed at the synthesis and investigation of the properties of the heaviest nuclei.
The sophisticated methods successfully applied for the actinides and the first trans-actinide
elements turned out to be useless as soon as the half-lives of the heavier nuclei reached
Ty, < Is. It should be noted that the majority of the trans-actinide nuclei and all nuclides,
produced in cold fusion reactions, were synthesized and identified by means of physical
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methods determined by the short half-lives. At the same time, one of the direct methods of
atomic-number identification is based on classical chemical methods, which were long ago
used in the first identification and characterization of many of the artificial elements heavier
than uranium (see, e.g., [159] and references therein). Obviously, the investigation of the
chemical properties of the new nuclides is of separate interest in connection with the study of
the structure of superheavy atoms and of the chemical behaviour of the heavy and superheavy
elements.

Such a possibility is now opened for a series of neutron-rich relatively long-lived nuclei
synthesized in Act. + *8Ca reactions. As it follows from the results presented above, such
nuclei are the ones with odd proton number and/or odd neutron number, formed in the o-decay
sequences of isotopes with Z > 114. It is seen from table 3 that some of them have half-lives
ranging from several seconds to ~1 d, times reachable by radiochemical methods. Further
below we shall describe the setting up of the experiments and shall present the results on the
chemical isolation of two nuclides: 2*Db (Tsg & 1.2 d) and 23112 (T, &~ 4 s). These results
are compared with the data from DGFRS.

4.4.1. Chemical separation of 2*Db.  As shown above, the longer lived R-a-. . .-a5-SF
decay chains terminated by a SF-nuclide (Tsg = 16f169 h) were associated with the decay of the
odd—odd isotope 288115, produced in the 3n-evaporation channel of the >*Am + *8Ca reaction.
Since all consecutive a-decays and SF are strongly correlated with each other and the order
of occurrence of the nuclei in the decay chains is determined, the identification of the atomic
number of any nucleus in this chain would independently prove the synthesis of the previously
unknown elements 115 and 113.

According to the atomic configuration in the ground state, Db should belong to the 5th
group of the periodic table, as a heavier homologue of Nb and Ta. The chemical behaviour of
Db has been investigated through the study of the 34 s 2°2Db both in a solution as chloride or
fluoride and in the gas phase as volatile bromides and chlorides [160, 161]. For the purpose
of chemical identification, Db can be separated, along with the members of chemical group
5, from the other elements. For this purpose, we developed a method of sorption extraction
for the group-5 elements as anionic fluoride complexes. Keeping in mind that the Z = 105
isotope of interest undergoes spontaneous fission, special attention was paid to separating
the group-5 elements from the actinides and, most important, from SF-isotopes, e.g., 2>°Cf
and *Cf. Here, we shall not give details of the chemical method used for separation of the
elements of group 5 (they can be found in the original papers [126—128]), but rather we shall
describe the setup of the experiment and shall give the main results.

The 32 cm? rotating target consisted of the enriched isotope ***Am (99.9%) in the oxide
form. The target material was deposited onto 1.5 um Ti foils to a thickness of about
1.2 mg cm~2 of 22 Am. It is noteworthy that in comparison with the experiment at DGFRS, the
target thickness is three times bigger. On leaving the target, the recoiling products stopped in a
50 mm diameter copper block positioned on the beam axis, 100 mm downstream from the
target. The collection efficiency of EVRs (angular acceptance +12.5°) was close to 100%.
The range of recoils in the catcher did not exceed 3—4 pum. After the end of the irradiation, a
7 to 10 um layer (120-180 mg of Cu) was cut from the catcher surface using a micro-lathe
and dissolved in 10 ml of concentrated HNOs.

The final nitric acid solution contained a large amount of copper (the catcher material),
unwanted reaction products from transfer, fusion—fission and induced fission reactions with the
243 Am target, as well as products of the reactions of **Ca with Cu. To monitor the performance
of the chemical procedure for the isolation of the group-5 elements and for determination of
the suppression factor for actinides, aliquots of nitrate tracer solutions, containing *>™Nb, !7Ta
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and the rare earth isotopes '*Yb and '’Tm, were added to the dissolved reaction products.
The trans-actinides (Z > 104) were separated by sorption onto Dowex 50 x 8 cation-exchange
resin with subsequent desorption using 1 M HF, which forms anionic fluoride complexes of
groups 4 and 5 elements. It was determined that *>™Nb and !”’Ta—the group-5 elements—
were isolated with efficiency of about 80%, and the actinides were suppressed by a factor
higher than 10°. As the final step of the chemical procedure, the column eluant (~0.1 ml) was
deposited onto a 0.4 m polyethylene foil. All procedures starting from the end of irradiation
until the beginning of detector measurements took 2-3 h.

For the registration of «-particles and spontaneous-fission fragments, the sample was
placed between two 6 cm? silicon detectors. Four chambers with detectors were located
inside a neutron detector for the registration of spontaneous-fission neutrons. The neutron
detector had 72 *He-counters distributed in a polyethylene moderator as three concentric rings
at different distances from the chambers with the counting samples. The detector array was
calibrated with 2*Cm and >32Cf sources. The efficiency for detection of fission fragments was
about 90%, for neutrons the average efficiency was about 40%. In the course of the 330 h test
run, performed before the experiment, not a single SF-event was detected.

In June 2004, a total of eight similar irradiations of duration between 20 and 45 h each
were performed. The target was bombarded by “®Ca ions with an energy corresponding to
247 MeV in the middle of the target. The resulting excitation energy of the compound nucleus
Y1115 was E, = 35.0-43.8 MeV, practically covering the entire energy interval of the 3n-
evaporation channel of the 2> Am + *8Ca reaction, leading to the isotope 2#¥115. A total beam
dose of 3.4 x 10'® was collected in this experiment.

In eight irradiations of the **Am target with *®Ca ions, 15 spontaneous-fission events
were detected. The measurements were carried out for 957 h. All SF-events appeared in a
174 h interval following the start of the measurements. No events were detected in the next
783 h. Run conditions and results of measurements (fission fragment energies corrected for
losses in the source and backing layer, numbers of neutrons detected by the 3He-counters for
every fission event and SF-events registration times from the beginning of the measurement)
are given in [126, 127].

A ninth irradiation was carried out under the same conditions, at the same beam energy
as in the previous eight runs, but without chemical separation of the reaction products. The
goal of this experiment was to determine the background of SF-nuclei (mainly Cf isotopes)
implanted into the catcher. After the end of the irradiation (the beam dose was 2.9 x 10'7), the
detection rate of about 2 SF/day was virtually unchanged throughout the duration of counting.
The separation factor of group-5 elements from the actinides being >10°, the spontaneous
fission of all actinide isotopes including 23>>*Cf and 2**Lr could yield no more than 0.02
events in 174 h.

It should be noted that in the given method two elements with Z = 104 and 105 are
separated. At the same time, the reaction mechanism, as well as the decay properties of even-
Z nuclei, excluded the assumption that the observed SF activity belonged to the decay products
of element 114. Indeed, the isotopes of element 114 can be obtained only in (p, xn)-channels
of the reaction 2**Am + *8Ca. Reactions with the emission of protons and a-particles were not
observed neither in cold nor in hot fusion reactions, induced by projectiles with A > 40 and
leading to heavy nuclei in numerous previous experiments (see, e.g., [60, 139, 140, 148—156]).
They have a lower probability in comparison with xn-evaporation channels. The data from
our experiments are additional direct illustration of this. Among the 48 decay sequences from
the decay of even-Z nuclei, obtained in the reactions 233U, 2*?Pu, °Cm and >*°Cf + “®Ca,
not a single one could be attributed to the decay of the isotopes of elements 115, 113 or 111,
which were seen in the experiments using the >3Am + *Ca reaction. On the other hand, in
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Table 2. Results obtained with DGFRS and in the chemical experiments in the 2*3Am + *3Ca

reaction.

Separation method Recoil separator Radiochemical separation

Separation efficiency 35% 80%

Detection method Decay chains of nuclei SF of nuclei with
withZ =115 Z =105

48Ca-beam energy in the middle 246 MeV 247 MeV

of the target layer

Total *8Ca-beam dose 43 x 108 3.4 x 1018

Thickness of the 23 Am target 0.36 mg cm ™2 1.2 mg cm™2

Number of detected SF-events 3 15

Formation cross section for 2.7748 pb 4.04 pb

the nuclei with Z = 115

Half-life 16" h 32t h

Total kinetic energy of fission fragments ~225 MeV ~230 MeV

Average neutron multiplicity per fission - ~4.2

Identification method of SF-decaying Excitation functions and Isolation of group-5

nuclei in the reaction >**Am + *8Ca decay properties (Z = 115) elements (Z = 105)

the on-line >Am + *8Ca experiment, at the total beam dose of 9 x 10'8, we observed no
isotopes of element 114 that could be the products of (p, xn)-reaction channels for 1 < x < 4.
According to decay characteristics, among all the synthesized isotopes of element 114, only
the nucleus 287114, with a probability of about 8%, decays into the final nucleus 2'Rf (Tg ~
1.3 h). In the chosen time schedule for irradiation (20-45 h), chemical separation (2—3 h) and
measurement (960 h), the probability to register the decay of the 287114 nucleus is negligibly
small. Therefore, all 15 SF-events, observed in the chemical experiment, pertain to decay of
the group-5 nuclide (Z = 105).

Nevertheless, the chemical experiments, with separation of the isotope 2°Db in the
23Am + *Ca reaction, were continued. In the second experiment, a more sophisticated
method was used. It made it possible to completely separate the elements of group 5 (Nb, Ta,
Db) from the elements of group 4 (Zr, Hf, Rf), as well as to separate the homologues Nb and
Ta. In this experiment five events, corresponding to the decay of 2%Db, were observed, all of
them in the group-5 fraction, in agreement with its relationship to the closest homologue—Ta
[128].

The parameters of both the DGFRS and the chemistry experiments and the decay
properties of the final SF-nuclide, observed after five consecutive a-decays in the ***Am +
48Ca reaction, are presented in table 2. Over the course of the two chemistry experiments,
20 decays of a SF-nuclide were observed with T}/, = 28le41 h and a total deposited energy
Ei =~ 230 MeV [126-128]. The production cross section for SF-nuclei, produced in the
Am + “8Ca reaction, was 4.2*% pb. These results agree with the original element-
115 synthesis experiment with DGFRS, where the same SF activity was first observed as
the terminating isotope, following the five consecutive a-decays from the 2%%115 parent
nucleus.

Thus, the data from the chemistry experiment give independent identification of the atomic
number of all nuclei in the correlated decay sequence: Z =115 — o — 113 —a — 111 —
o — 109 — o« — 107 — o — 105 (SF). Moreover, it gives evidence of the synthesis of two
new elements 115 and 113 in the reaction >3 Am + *¥Ca.
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4.4.2. Chemistry of element 112. The above-discussed case concerning the chemical
identification of the long-living nuclide 2°*Db can also be applied for another SF-nuclide,
namely 2¢’Rf (Tsg &~ 1.3(h)), which terminates the long decay sequence of even-Z nuclei:
P16() — P114() — 3112(0) — 2°110(SF/a) — 27108(a) — 2"'106(SF/a) —
271104(SF), see figure 25. Unfortunately, the high probability for spontaneous fission of the
preceding nuclei ?7°110 and 27106 reduces by more than one order of magnitude the effective
production cross section of this nucleus. In order to surpass this limitation, it is reasonable to
study heavier nuclei with Z > 110 applying express radiochemical techniques. We should note
that such methods were widely used in earlier studies of the chemical properties of short-lived
isotopes of elements 104—-108 [154, 160—-162].

As is seen from the properties of nuclei in the observed decay chains, the most suitable
for this purpose are the odd isotopes of element 112: 283112 (Ty 2~ 45s)and 25112 (T P
30 s), undergoing «-SF decay. Below we shall discuss the experiment aimed at the study of
the chemical properties of the 283112 isotope; in a similar way, the longer lived isotope 28112
could be investigated.

According to the atomic configuration in the ground state, element 112 should belong to
the 12th group of the periodic table as a heavier homologue of Hg, Cd and Zn. From Monte
Carlo calculations follows that at room temperature the behaviour of Hg atoms is evidence of
their high volatility. As it has been shown in the experiments [163], the Hg atoms in neutral
gaseous atmosphere (e.g., in He or Ar at atmospheric pressure) can be transported together
with the buffer gas to a significant distance (~30 m) with a velocity of up to 5 m s~!'. The
elements that are lighter than Hg (Au, Pt, ..., down to Xe) and their chemical homologues,
the elements with Z < 112 down to Rn, are not volatile. Because of this, a system that uses a
capillary tube as means of transport to a rather long distance (during the motion through the
capillary an atom experiences more than 10° collisions with the internal surface) has extremely
high selectivity when separating the volatile elements such as Hg and 112.

The chemical behaviour of Hg and element 112 is a different question. To what extent
element 112 is a homologue of Hg depends on the so-called relativistic effect in the electronic
structure of the superheavy atom. According to some relativistic calculations, the chemical
behaviour of element 112 (as well as of the other atoms with higher atomic number) will
somewhat differ from that of its light homologue. The predictions claim an increased chemical
stability of the elemental atomic state for element 112 and a noble-gas-like inertness similar to
radon [164]. In contrast, other calculations of the full electronic structure of the element-112
atom predicted its chemical behaviour like a noble transition metal [165]. Recently, relativistic
density functional calculations of the stability of molecules between element 112 and a noble
metal (interaction of element 112 with gold clusters) predicted a behaviour close to Hg [166].
Will element 112 as actively as Hg interact with Au or just the opposite—will it be closer to
the chemically neutral Rn?

The simultaneous study of the chemical behaviour of Hg, Rn and element 112 makes it
possible to get an answer to this question and experimentally check the theoretical predictions.
In this sense, the commissioning of such an experiment is aimed not only to the identification
of the atomic number 112, but is rather broader, because for the first time simultaneously the
chemical properties of the superheavy element are investigated.

Both characteristics, the high volatility and the ability to form inter-metallic compounds,
defined the experimental setup for the chemical identification of element 112. The first
experiments were carried out with the reaction 2*U + *3Ca. The method aimed at registering a
long-living isotope (Tsg ~ 3 min) [143]; however, its properties, as was mentioned above, were
not confirmed in the following experiments at DGFRS. The relatively low cross section of this
reaction and slow transport, as well as the technical difficulties in the measurement of rare
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SF-events by registration of only one fission fragment during the long-running experiment,
did not allow making confident conclusions about the chemical behaviour of element 112
[167]. In the third experiment, which will be outlined in the following, a faster and more
sophisticated technique was used to study element 112 in different assumptions concerning its
chemical properties.

The reaction 2*’Pu®¥Ca, 3n)**"114-¢ — %3112 was used to produce the isotope
283112. Tts cross section, as it follows from experiment (see above), is higher than for the
28U(MCa, 31)*%3112 reaction.

The recoil nuclei leaving the >*?Pu-target stopped in a high-purity gaseous medium:
He(70%) + Ar(30%). The energy of the 3Ca beam at the middle of the target was Ep,, =
245 MeV, which for a 1.4 mg cm™2 thick target corresponded to the maximum yield of the
isotope 27114 (T, & 0.5 s)—the product of the 3n-evaporation channel of the fusion reaction
242py + *8Ca (see figure 17(b), sequence o). To the *?Pu-target (99.93%) about 15 g cm™2
of ™'Nd was added; this allowed to simultaneously produce the neutron-deficient short-lived
a-radioactive '®Hg isotope having a half-life of 49 s, which served to monitor the production
and separation processes.

The recoiling nuclei, which stopped in the He/Ar medium, were transported to the
detectors by means of a 8§ m capillary tube (the inner diameter was 1.5 mm). The total
transport time from the reaction chamber to the detectors was 3.6 s. This time is long enough
for the decay 287114(0.5s)-a — 283112. Also, only about 50% of the daughter nuclides 283112
reached the detector chamber.

The setup COLD [168] consists of 32 pairs PIPS (passivated ion-implanted planar silicon)
detectors, about 1 cm? each, placed one opposite the other with a 1.5 mm gap in between,
through which the He/Ar gas flows. One of the detectors of each pair was covered with
a 30-50 nm gold layer. The temperature gradient along the whole length of the detectors
spanned a range from —24 °C to — 184 °C in the first experiment and from +35 °C to —180 °C
in the second one. The energy resolution for a-particles’ decay amounted to 120 keV. The SF
fission fragment energy was calibrated using a thin >**Cm source.

In the control experiments, only «-particles from the decay of '8!"'38Hg (the fusion
niNd + “8Ca reaction), 2!' At and 2'*?2°Rn were observed. As it was expected, only nuclei with
high volatility were transported to the detectors. It was shown that all Hg atoms are registered
by the first detectors with the Au coating. This can be explained by the strong adsorption on
the detector Au-surface, which is due to the chemical reaction leading to the production of
the Hg/Au compound (adsorption enthalpy —AH 4, =~ 98 kJ mol~! [168]). In contrast, the
decay of the chemically neutral Rn atoms is observed in the region of the last detectors, which
are at the lowest temperatures (figure 24), consistently with the adsorption enthalpy of Rn
(—AH 4 ~ 30 kJ mol~! on gold and ~20 kJ mol~! on ice [169, 170]). In these conditions,
the atoms of element 112 must be between these two extreme cases, their position (detector
number) depending on their chemical properties.

Two events from the decay of 28112 were observed in the detector chamber (figure 24).
In the first case, the sequence «-SF with E, = 9.38 & 0.12 MeV and then 0.59 s later the two
fragments with total kinetic energy TKE = 231 MeV were registered by the second pair of
detectors with the Au-surface at temperature —28 °C (the temperature conditions for detectors
1-32 were in the range —24 °C to —184 °C). In the second case, the same «-SF sequence
(Ey = 947 £ 0.12 MeV, tsg = 0.54 s, TKE = 232 MeV) was registered by the seventh
detector pair again on the Au-surface, which was at —5 °C (the temperature conditions for
detectors 1 to 32 were in the range +35 °C to —180 °C). Both events are consistent with
the properties of the decay of the 2*112 nucleus (see the sequences o in figure 17(b) and
table 3). While the first event practically follows the location of the Hg atoms, the second one
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Figure 24. Results of thermo-chromatographic separation of element 112, produced in the reaction
242py(*8Ca, 3n)287114-a — 283112. The dotted blue lines (right-hand axis) denote the temperature
distribution along the 32 detectors from the two experiments. The relative yields of the 49s-'3Hg
and 3.7s-2°Rn are shown together with the observed decays of 3.8s-28%112 (black arrows) as a
function of the detector number. (a) The Monte Carlo simulation [171] of the adsorption process of
Hg and Rn on the gold surface and ice is shown by the red dashed line. The temperature gradient
is =24 °C to —184 °C. (b) Same as (a) at the temperature gradient +35 °C to —180 °C. Figure and
numbers are taken from [172].

somewhat differs (the probability of Hg hitting the 7th detector is about 3%). This may mean
weaker adsorption of element 112 with gold compared to Hg, but it is obviously stronger than
expected for noble-gas-like behaviour. Avoiding the details, they will be given in a separate
publication [172] (experiments with the isotopes 283112 and ?%°112 will be continued), even
now from the obtained data a conclusion can be drawn that the isotope **3112 by its chemical
properties is related to the group 12 elements. The production cross section of 83112 in the
reaction 2*?Pu*¥Ca, 3n)®7114-a — 283112 is estimated as 2—4 pb depending on the adsorption
properties of the parent nucleus 287114 at room temperature (from the DGFRS measurements

=3.6"3% pb [121]).

The results of the given experiment in an independent way confirm the identification of
the atomic numbers of the nuclides in the even-Z nuclear decay chain >'116 — 27114 —
23112 — 2°110 — 273108 — 271106 — 27104.

The luminosity of the chemical experiment can be improved several times by means of
increasing the beam intensity (rotating target) and the velocity of transporting the recoiling
ions to the detectors. At the same time, in the same experimental conditions, it is possible
to investigate another long-lived isotope, 2112 (T} 2 & 30s), produced in the 244pu + BCa
reaction. Finally, the evaporation residue—the isotope %114 (T; 2 ~ 3s)—can be used
for setting up experiments on the chemistry of element 114. All this demonstrates the
perspectives provided by Act. + *Ca for the study of the chemical properties of superheavy
elements.



Topical Review R217

5. Discussion of the results

5.1. Decay properties of superheavy nuclei

The decay properties of the 34 new nuclides, produced in experiments with “8Ca-projectiles,
are given in table 3. Here the total number of events corresponding to the decay of nuclides of
given Z and A is shown, independent of how they were produced: as evaporation residues or as
daughter nuclei after the «-decay/s of heavier precursors. The modes of decay, shown in the
fourth column of table 3, mean that all observed events are identical for the given decay mode.
In those cases, where two decay modes («, SF) were observed, an approximate branching
ratio, governed by the statistical error of registered events, has been estimated. The values of
T, expected for the measured Q,, (see below) are presented in the sixth column.

The identification of the atomic numbers of the nuclides was performed in several
independent ways based on

o the mechanism of fusion reactions (excitation functions and cross bombardments ensuring
variation of the proton and neutron numbers in the compound nucleus);

e the decay properties of the nuclei in the decay sequences (half-lives T, and «-decay
energies O, of even—even (and for many even—odd) isotopes;

e the radiochemical identification of the atomic number of the nuclides Db and 283112
in correlated «-decay chains of the nuclei 115 — 113 — Rg — Mt — Bh — (Db) and
116 - 114 — (112) - Ds — Hs — Sg — Rf.

All methods give the same identification of the atomic number of the synthesized nuclei.
When the atomic numbers of the parent nuclei are determined (showing that they are the
products of xn-evaporation channels of complete-fusion reactions), the identification of the
mass of an isotope with given decay characteristics (as well as that of the neighbouring nuclei)
comes to determination of the number of evaporated neutrons by the compound nuclei formed
in the investigated reaction at various excitation energies. This is achieved

e by means of the measured excitation functions ensuring variation of the neutron number
in the compound nucleus;

e by producing the same nuclei in different ways: as evaporation residues and as «-decay
products of heavier nuclei.

The adjoining four isotopes of the elements with Z = 112, 114 and 116, genetically connected
with the daughter nuclei by consecutive a-decays, are shifted in mass according to the mass
and the excitation energy of the compound nucleus and give a self-consistent determination
of the atomic and mass numbers of all nuclides, synthesized in the **Ca-induced experiments
(figure 25).

Further verification of the identification of the mass number of the isotopes follows from
the decay properties. Because of the high suppression of spontaneous fission of nuclei with
odd neutron numbers, their decay chains are longer and the total decay time is noticeably
higher than in the neighbouring even-N isotopes. This tendency is well seen for all known
isotopes with Z < 112, it also takes place for the synthesized new nuclides with Z = 112-116
(figure 25).

Now we shall discuss the decay properties of the synthesized nuclei.

5.1.1. Alpha decay. As can be seen from table 3, the odd isotopes of element 112 and all
isotopes (even and odd) with Z > 113 predominantly undergo «-decay. The spectra of the
a-particles in most cases are characterized by well-defined decay energy (the «-lines, see
figure 18). This is generally the situation for allowed ground-to-ground-state transitions at
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Table 3. Decay properties of nuclei.

Number of Decay mode, Expected E, Oo
z A observed®  branch (%)° Half-life® half-life!  (MeV) (MeV)
118 294 3(3/3) o 0.89*5% ms 0.4 ms 11.65+0.06  11.81 £0.06
116 293 4.(4/4) a 61*3) ms 80 ms 10.54 +£0.06  10.69 & 0.06
292 5(4/5) o 18418 ms 40 ms 10.66 +0.07  10.80 £ 0.07
291 3(3/3) a 18+22 ms 20 ms 10.74 £0.07  10.89 = 0.07
290 10(10/10) @ 7152 ms 10 ms 10.84 £0.08  11.00 =+ 0.08
115 288  3(3/3) o 87105 ms 60 ms 1046 £0.06  10.61 £ 0.06
287 1(1/D) o 327135 ms 30 ms 1059 £0.09  10.74 £ 0.09
114 289 10(9/9) o 2652 s 2s 9.82£0.05  9.96 £ 0.05
288 18(16/16) « 0.80*%2% s 09s 9.94£0.06  10.08 £ 0.06
287 16(16/16) « 0.48%1¢ s 0.5 10.02£0.06  10.16 & 0.06
286 24(19/12)  a: 50 SF:50 0.137004 s 0.2s 10.19£0.06  10.33 £ 0.06
113 284 3(3/3) o 0.484938 s 0.3s 10.00 £ 0.06  10.15 £ 0.06
283 1(1/1) o 100749 ms 140 ms 10.12£0.09  10.26 £ 0.09
282 2(2/2) o 7353 ms 6 ms 10.63 £0.08  10.78 & 0.08°
112 285  10(10/10) « 2953 s 50's 9.15+£0.05  9.284+0.05
284 1917/  SF 9753L ms <9.80
2837 22(19/19) o 100SF:<10 3.8 s 3s 9.54+£0.06  9.67 +0.06
282 12(12/-)  SF 0.827%30 ms <10.69
111 280  3(3/3) o 3.6 s 0.4s 9.75+£0.06  9.87 £0.06
279 1(1/1) a 170810 ms 7 ms 1037 £0.16  10.52£0.16
278 2(2/1) o 4.2773 ms 1 ms 10.69 £0.08  10.85 £ 0.08°
110 281 10(10/-) SF 111359 s <9.00
279 26(22/3)  a: 10SF:90 0.20*%%, s 0.2s 9.70£0.06  9.84 & 0.06
109 276 3(3/3) a 0.72+087 s 0.1s 9.714+0.06  9.85+0.06
275 11/ o 9.7+, ms 2ms 1033 +£0.09 1048 £0.09
274 22/ a 44580 ms  20ms 9.76 £0.10  9.90 +0.10°
108 275 3(3/3) a 0.1974% s 0.8s 9.30 £0.06  9.44 +0.06
107 272 3(3/3) o 9.8+ s 3s 9.02+0.06  9.15+0.06
270 1(1/1) o 61737 s 5s 8.93+£0.08  9.06 % 0.08°
106 271 3(3/2) a: 70 SF: 30 1924 min 0.8 min 8.54+£0.08  8.67+0.08
105 268  18(18/-)  SF/EC 29 h <7.83
267 1(1/-) SF 12458 h <8.15
266 1(1/-) SF/EC 22*105 min <8.24¢
104 267 2(2/-) SF 1.3"23 h <8.21

*Number of observed decays and number of events used for calculations of half-lives/«-particle energies,

respectively.

Y Branching ratio is not shown if only one decay mode has been observed.
¢ Error bars correspond to 68% confidence level if more than one event has been observed. For only one registered

event, the error bars correspond to 95%.

dHalf-lives calculated using the Viola—Seaborg formula (see the text) for a-decay energies, given in the last column.

¢ Preliminary data from the 23’Np + *Ca reaction (see the text).
fSee also the Note on page R237.
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Figure 25. Chart of the heaviest nuclides with Z > 104 and N > 159. The symbols are given in the
right lower corner of the figure. To avoid making the figure too complicated, the squares contain
the half-lives (without errors) and the maximum «-transition energy (£, in MeV). For the nuclei
synthesized in cold fusion reactions the values of 7'/ and E, are taken from the compilation of
[183]; for the products of the reaction Act. + 48Ca (including 282113 and its daughter nuclei) the
data are taken from table 3.

J = 0 in the a-decay of even—even nuclei. As known from «-decay theory, in this case
the probability for the decay (or the half-life 7,) is directly connected to the decay energy
0, and the atomic number of the nucleus. The Geiger—Nuttall relation [173], connecting
these quantities (in the version of Viola—Seaborg [174] or any other version [175-179]), well
describes all 65 known even—even nuclei heavier than Pb, for which both partial half-life and
decay energies have been measured. The experimental values obtained earlier in hot and cold
fusion reactions and belonging to the «-decay of even—even nuclei with 100 < Z < 110 are
shown in figure 26. The data for all isotopes with even proton numbers from Z = 106 to 118,
produced in *Ca-induced reactions, are presented in the same figure.

The experimental values Q,(exp) and T,(exp) with their errors, given in table 3, can be
used for the calculation of the atomic numbers of nuclei comprising the chains of correlated
decays. For instance, the probability that the consecutive a-transitions observed in the >*Cm,
243Cm + *8Ca reactions take place in the nuclei with atomic numbers 116— 114—112—110
amounts to 0.992. The probability that these chains for some reason can be attributed to the
decay of the parent nucleus with Z = 114 is <0.005.
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Figure 26. Half-lives T, as a function of the a-decay energy Q, for nuclei with even atomic
numbers Z > 100 (indicated in the figure). The solid lines represent calculations using the Viola—
Seaborg formula (given in the figure) with the parameters a = 1.787, b = —21.40, ¢ = —0.2549,
d = —28.42 [7]. The filled symbols refer to even—even nuclides, the open ones are for even—odd.
Blue symbols refer to the nuclides, obtained in cold fusion, red symbols in Act. + 48(Ca reactions.

The half-lives T,(exp) at measured decay energies Q,(exp) of the new nuclides, as seen
from figure 26, agree well with the calculated values for a given Z. Quantitatively this is seen
in the comparison of the data, presented in the fifth and sixth columns of table 3, where the
ratio T,(exp)/T,(calc) determines the hindrance factor. The agreement for the even—even
isotopes is expected and can be explained by the ground-to-ground-state transitions. For
odd isotopes, the situation differs slightly from the previous case. In fact, for two isotopes,
283112 and 2%°114, transitions to excited states of the daughter nuclei >’'Ds (E, ~ 0.2 MeV,
two events; 20.6 MeV, one event) and 2#°114(E, ~ 0.35 MeV, one event), respectively, have
been observed. One more event might probably be added to them—it has been registered in
the >**Pu + “8Ca reaction as an o — a» — a3 — SF decay sequence and was considered a
candidate for the possible decay of the isotope 27114 [180] (scenarios of such a decay were
discussed in [27, 181, 182]). The mentioned individual cases do not let us draw a reliable
picture of the decay of odd isotopes and determine the characteristics of the low-lying levels of
superheavy nuclei, although the population of excited states in «-decay of the parent nucleus
depends on the way of its production: as an evaporation residue or as a daughter of a heavier
a-precursor. However, it should be noted that these events comprise only a small part (<15%)
of the intensity of the main «-transition shown in table 3. Because of this, we may assume
that the experimentally observed main decay modes (the corresponding energies Q,(exp) are
given in table 3) are also connected with transitions between ground states. This suggestion
is necessary for the comparison with the theoretical models in which the values of Q, are
calculated from the ground-state nuclear masses.

The values of Q,(th), obtained in the framework of the MM-model in the version of
[39, 144] for the isotopes of all elements with even atomic numbers from Z = 100 to 118
and with odd atomic numbers from Z = 103 to 115, are presented in figures 27(a) and (b),
respectively. The experimental values Q,(exp) for all known «-emitters in the given Z and N
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Figure 27. Alpha-decay energy versus neutron number of trans-fermium nuclei. (a) Isotopes of
even-Z elements with Z > 100. (b) Isotopes of odd-Z elements with Z > 103. Circles denote
nuclei synthesized in hot fusion reactions with light ions (*Ne, 26Mg, 36S) and in cold fusion with
massive projectiles; squares correspond to the nuclei, produced in **Ca-induced reactions. Dashed
lines represent long sequences of correlated decays of the nuclei 288115 and 21116, observed in
the reactions 2**Am + *8Ca and 2**Cm + *¥Ca (see panel (a)), respectively. The solid lines are
drawn through the values of Q, (small open circles), calculated in the MM-model [39, 144]. The
closed neutron shells N = 152 and N = 162 are shown by the vertical dashed-dotted lines.

intervals, as well as those obtained in reactions with *8Ca, are also shown. It should be noted
that for even-Z isotopes the agreement between theory and experiment, which was observed
earlier for deformed nuclei located between the closed shells N = 152 and N = 162, also takes
place for the new neutron-rich nuclei with neutron number N > 162. According to predictions
of the MM-model, at crossing the shell and increasing the neutron number in the region of
N > 162, the nuclear deformation significantly decreases. Thus, nuclei with neutron numbers
N > 175 are close to being spherical (8, &~ 0.09) [144]. The data we have obtained are
for nuclei with Z = 106—-116 and N = 165-177, which fall into this transitional region of
deformation and, as can be seen from figure 27(a), in general agree with the predictions of the
model.

For odd-Z nuclei the data are scarce and the statistics is poor. The parent and daughter
nuclei, 2%115 (N = 173) and %4113 (N = 171), are quite away from the deformed shell
N = 162. Thus, their relatively long half-lives could be caused by the influence of the next,
spherical shell N = 184. The comparison of the decay properties of the odd—odd isotope
278113 (N = 165), observed in two decay chains produced recently in the cold fusion reaction
209Bi(79Zn, 11)?78113 [73], with those for 24113 (N = 171) reveals a reduction of the a-decay
energy by 1.7 MeV and a corresponding increase in the half-life by a factor of 2 x 103. The
odd-odd isotopes 2"*Rg (T}, = 3.1 ms) [139, 155, 156], >"*Rg (T1,» = 6.4 ms) [73], *"*Rg
(Ti2 = 4.2 ms) and 280Rg (T1/2 = 3.6 s) demonstrate comparable behaviour.

For the isotopes 28280Rg and 282284113, the difference between theoretical and
experimental Q, values is 0.6-0.9 MeV. Some part of this energy can be accounted for
by y-ray emission from excited levels, populated during a-decay. For the even-Z nuclei as
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well, the agreement between theory and experiment becomes somewhat worse as one moves
away from the deformed nuclei in the vicinity of the neutron shells N = 152 and N = 162 to
the more neutron-rich nuclides with N > 169.

The measured T, (exp) values closely reproduce the calculated ones for the first two nuclei
of these chains; thus element 115 and its daughters—the isotopes of element 113—have rather
low hindrance factors, if any, for «-decay. For the isotopes of elements Rg, Mt and Bh, the
difference between measured and calculated T, values results in hindrance factors of ~3-20.
These match the hindrance factors that can be extracted for the deformed odd—odd nuclei ??Rg
and descendants, produced in experiments with cold fusion reactions [139, 155, 156]. One
can assume that in this region of nuclei, a noticeable transition from spherical to deformed
shapes occurs at Z = 109-111, resulting in a change of the level structures of these nuclei
and in an increased probability of «-transitions going via excited states. Another sign of
such a change in nuclear shape might be the significant increase in the difference of a-decay
energies of the neighbouring isotopes, observed as the decay chains reach Z = 111, see
figure 27(b). This assumption is in agreement with macroscopic—microscopic calculations
[39, 144]. The deformation parameter 8, was calculated to be 0.072 and 0.138 for 288115
and 284113, respectively. As the decay chain recedes from the shell closure at Z = 114 and
N = 184, B, increases to 0.200, 0.211 and 0.247 for 280Rg, 276Mt and 272Bh, respectively. In
the decay chain 2°'116 — 287114 — ... — 27Rf we observed a similar variation in a-decay
energies (see figure 27(a)). The slope of Q, versus N remains practically the same for
elements 112—116, but increases significantly for the nuclides with Z = 111 and 110. Again,
such an effect might be caused by the transition from spherical to deformed nuclear shapes
during successive a-decays, if we discuss the experimental data from the point of view of
MM-models and compare them to the numerical calculations of [39, 144].

As a whole, the predicted Q, values for the heaviest nuclei, observed in our experiments,
are systematically larger than the experimental data. At the same time, the trends of the
predictions are in good agreement for the 27 nuclides with Z = 106118 and N = 163-177,
especially considering that the theoretical predictions match the experimental data over a
broad, previously unexplored region of nuclides.

The trend of the Q,(N) systematics, predicted by theory and confirmed by experimental
data for odd-Z isotopes of Mt and Bh along with even-Z isotopes of Ds, can be considered
as direct experimental evidence for the deformed neutron shell closure at N = 162. The
stabilizing effect of the N = 162 shell can be observed for the Db isotopes. The relatively
small change in the half-lives of the known lighter mass isotopes Db (7}, = 1.5 s), **'Db
(Ti» = 1.85),?Db (T, = 34 s) and **Db (T, = 27 s) [135] contributes to the prediction
of a considerable increase in T, for the new heavier isotopes 2°°Db, 26’Db and 2°*Db with
Ty >5%x102s,T, > 5 x 10°sand T, > 3 x 10° s, respectively.

The comparison of Q,(exp) with the values Q,(th), calculated within the Skyrme-Hartree—
Fock—Bogoliubov [27, 181, 182, 184, 185] and the relativistic mean field models [146, 186], is
presented in figure 28 for even—even isotopes of elements 112, 114, 116 and 118. In the figure,
we have added data for Q,(th), obtained in two versions of the macro-microscopic model
[144, 187]. It can be seen that the best agreement between theory and experiment is achieved
in the MM-model, especially in the version of [187]. In the HFB-model, a better agreement is
obtained with masses from [184] calculated with 18 parameters. Finally, in the RMF-model
in the two versions shown in figure 28, the agreement between theory and experiment is least
satisfactory. It cannot be excluded that a better agreement can be achieved in this model too,
if a different set of parameters is used.

As a whole, the measured values of Q,(exp) are in agreement with theory, because the
model calculations do not claim to be more precise in determining Q,(th) than 0.4-0.6 MeV.
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Figure 28. Alpha-decay energy versus neutron number of the even—even isotopes with Z = 112—
118 and N = 170-176. The open symbols are values of Q,(th), obtained in different versions of
ground-state nuclear mass calculations in the framework of the MM-, HFB- and RMF-models.
The black points with error bars are experimental data from table 3.

We must recall that all three models predict the same spherical neutron shell at N = 184,
but different proton shells, Z = 114 (MM) and Z = 120, 124 or 126 (HFB, RMF). Yet, all
describe the experimental data equally well. Such insensitivity with respect to the various
models in this region of Z and N can be explained either by the remoteness of the nuclei under
consideration from the closed shell at N = 184 or by the weaker influence of the proton shells
at Z = 114 or higher, compared to that of the neutron shell at N = 184.

5.1.2. Spontaneous fission. For 8 out of the 34 synthesized nuclei spontaneous fission is the
predominant mode of decay (see table 3). In two more nuclei, >’'Sg and 2*0114, spontaneous
fission competes with «-decay. For the remaining nuclides spontaneous fission was not
observed. The partial SF-half-lives of nuclei with N > 163, produced in fusion reactions with
#8Ca, together with the half-lives of SF-nuclides with N < 160, are shown in figure 29(a).
Four isotopes of element 112 with N = 170-173 are located in a region, where a steep rise
of Tsg(N) is expected. Indeed, in the even—even isotopes 282112 and 284112 the difference of
two neutrons increases the partial half-life Tsg by two orders of magnitude. The neighbouring
odd isotopes 23112 and 2#3112 undergo a-decay. For them, only lower limits of sk can be
determined (shown in the figure). From the measured SF-half-lives for the even—even isotopes
282112 and 284112 it follows that the odd neutron in the 283112 nucleus imposes a hindrance to
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Figure 29. (a) Partial half-lives for spontaneous fission Tsg versus N for nuclei with even atomic
numbers Z = 98—114. Solid symbols and crosses denote even—even nuclei, whereas open symbols
denote even—odd nuclei. Black are the experimental data, red the calculated T'sp values. Solid
black lines are drawn through the experimental points Tsp(exp) of even—even nuclei, the red lines
through Tsg(th), obtained in calculations [25, 188] for even—even isotopes with Z = 104-112.
(b) Systematics of mean total kinetic energies of fission fragments (TKE) versus the parameter
Z?/A'/3. The open squares are experimental data for the isotopes with Z = 96-104 [189], the black
symbols are the data for SF-isotopes with Z > 104, observed in Act. + *3Ca reactions. The dashed
lines conditionally separate the zones of mass-asymmetric and mass-symmetric fission modes.

spontaneous fission of the order of >3 x 103. Given such a large hindrance factor, it cannot
be excluded that one or two decay events of the 28112 nucleus, registered as R-SF chains (see
figure 20), can be attributed to the spontaneous fission of the even—odd isotope 283112,

Such a picture is also observed for the even—even isotopes of element 114: the additional
two neutrons in the nucleus 28114 (Tsg & 0.13 s) lead to significant increase of the stability
of the nucleus %8114 relative to spontaneous fission. In fact, a-decay was registered in 17 out
of 18 decay events of the nucleus **®114 (T, ~ 0.8 s), which was produced in the >**Pu(**Ca,
4n) 288114 and >Cm(*Ca, 41n)*?116-a — 283114 reactions.

It is significant that the rise of stability relative to spontaneous fission is observed for the
heavy nuclei with Z > 110 (figure 29(a)), which are 10-12 neutrons further from the closed
neutron shell N = 184. On moving to the nuclei with Z < 110 and N < 170 (in the experiments,
spontaneous fission was observed for the seven odd nuclides 27*-281Ds, 271Sg, 267Db, 266:268Dp
[SF/EC] and ?%7Rf), the probability for spontaneous fission decreases again when the closed
deformed shell N = 162 is approached. The stabilizing effect of the N = 162 shell manifests
itself in the properties of the even—even isotopes of Rf, Sg and Hs with N < 160, which, as
seen from figure 29(a), are also well described by the mentioned model calculations. The
odd SF-isotopes with Z = 104—110, produced in the **Ca-induced reactions, are located in the
transition region, where the larger the neutron number the smaller the effect of the N = 162
shell. In this region, the N = 184 shell comes into effect. Such a behaviour of Tsr(exp) as a
function of Z and N correlates with the SHE fission barrier heights and has been predicted by
all models, MM, HFB and RMF.

Given these considerations, several scenarios can be chosen for the decay of the
investigated heavy nuclei. For the isotopes with Z > 112 and N > 172, the main mode
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is a-decay. This is due to the high stability of neutron-rich nuclei relative to spontaneous
fission (Tsg > T,). As aresult of the successive «-decays, the neutron number in the daughter
nuclei decreases and this, in turn, leads to a significant increase of the probability of their
spontaneous fission. The competition Tsg /T, is seen already in the even—odd effects in the
isotopes of element 112 with neutron numbers N = 170-173. But already the odd isotopes of
element 110 with N < 171 practically all undergo spontaneous fission (Tsg < T,). However, if
we burst through the limit of SF-nuclei, similarly to what we saw for the rare «-decay branch
of the isotope 27°110, the daughter products—the isotopes >’Hs (N = 167) and ?’!'Sg (N =
165)—will decay again mainly by emission of «-particles (Tsg > T,). The competition with
spontaneous fission will arise only very close to the N = 162 shell, where the partial half-life
relative to -decay strongly increases and Tsg < T, in spite of the hindrance caused by the
odd neutron numbers. It is noteworthy that this very complex decay pattern agrees on the
whole with the predictions of the macro-microscopic theory (see figure 3). For the isotopes
of element 115, due to the strong hindrances to spontaneous fission of nuclei with odd proton
(or/and neutron) number, o-decay predominates as far as the N = 162 shell, where, similarly
to the previous case, the decay sequence terminates by spontaneous fission.

The systematics of the total kinetic energies of spontaneous-fission fragments from all
known even—even isotopes with Z > 96 are shown in figure 29(b). Two groups can be
distinguished and are marked with dashed lines. They correspond to the mass-asymmetric and
mass-symmetric fission modes. These are characterized by a different dependence of TKE
on Z?/A'3 [189]. All SF-nuclei with Z = 110-114 are in the region of asymmetric fission.
This complies with the data, obtained for the fission of excited nuclei (see figure 10(b)). The
experimental values of TKE for the lighter nuclides—the isotopes 2%’Rf (N = 163), 2¢72%8Db
(N = 162, 163) and ?’!Sg (N = 165)—are found to be in the range of values for nuclei
undergoing bimodal fission (here we have also shown the known nuclei 2%-260Fm, 2>°260Md
and some others [57, 90]) for which the mass-symmetric component is characterized by a
high value of the fission fragment total kinetic energy. As was mentioned earlier, the detector
array of the DGFRS does not allow direct measurements of the mass or energy of individual
fission fragments. As a result, the information on the fission modes is deduced indirectly from
the measured summed energies of two fission fragments and this is done at low statistics.
However, in the 2> Am + “8Ca reaction, after the chemical separation of group-5 elements and
the measurement of the energy of each fragment from a thin source, in all the 15 SF-decays
of the 2%Db nucleus (or 2Db-EC — 298Rf) symmetric fission with TKE =~ 230 MeV and
emission of about four neutrons per fission have been registered [126]. The measured values
of TKE and v are in agreement with the expected total energy O =~ 280 MeV, realized in the
symmetric fission mode of the 2°Db/?%8Rf nuclei. It was mentioned that the appearance of the
mass-symmetric fission mode of nuclei close to the N = 162 shell is due to the same reasons
that manifest themselves in the fission of the isotopes of the actinides—the shell effects at
Z =50 and N = 82, which play an important role in the process of fission of a heavy nucleus
with large neutron excess.

5.2. General comparison with theory

The given analysis of the data on the properties of nuclei, produced in Act. + *3Ca reactions,
from the point of view of different models allows a general conclusion to be drawn about the
consistency of theoretical predictions and experimental results.

As was mentioned above, according to theoretical expectations, the stability of nuclei
with Z > 112 and N > 172 with respect to spontaneous fission steeply increases with neutron
number. The odd isotopes of element 112 with N > 171 and all isotopes of element 114
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Figure 30. Experimental half-lives (in seconds) of the isotopes with atomic numbers Z > 110 as
a function of the neutron number. The open symbols denote nuclei undergoing «-decay, the solid
symbols SF-decay. All nuclides with N < 165 shown in the figure have been synthesized in cold
fusion reactions, nuclei with N > 165 in Act. + *3Ca reactions. The curves are drawn through the
points to guide the eye.

with N > 173 undergo a-decay. Nuclides with odd proton number Z = 115-107, present in
the decay sequence of the isotopes 287288115 and %2113, are also a-emitters. For most of
the synthesized nuclei, the measured energies of a-decay with accuracy better than 5% are
consistent with predictions of theory. Best agreement is found with the calculations in the
framework of the MM-model (AQ, < 0.5 MeV), and probably better agreement can also be
found in self-consistent microscopic models.

The main conclusion of theory, connected with the significantly increased stability in the
region of the heaviest neutron-rich nuclei, due to the shell effect (N = 184), is confirmed by the
properties of the synthesized nuclei. A simple comparison of the half-lives of the isotopes of
element 112, produced in cold fusion and in Act. + 48Ca reactions, indicates that the increase
of the neutron number in the nucleus 27112 (N = 165) by 6-8 units leads to an increase of
T,(exp) by a factor of 10* and 10°, respectively. Similar is the situation with the isotopes of
elements 110, 111 and 113 (figure 30).

The decay energies Q,(exp) for all nuclei with Z < 108 and N < 167, measured in the
48Ca-induced reactions, also agree with the theoretical values Q,(th). Together with the earlier
data for the lighter isotopes of these elements, obtained in cold fusion reactions, they confirm
the existence of the closed neutron shell N = 162.

The half-lives of the spontaneously fissioning even—even nuclei 272112, 274112 and 76114
are in agreement with Tsg(th) within the uncertainties of the calculations of the tunnelling
process through the fission barrier. The agreement of the measured and calculated values
T, and Tsp of nuclei with different proton/neutron numbers well reproduces the competition
between the two decay modes, o-decay and spontaneous fission. As a consequence, the decay
patterns also turn out to be very close to what has been expected (figure 3).

The above considerations show that the basic theoretical concept on the existence of
closed nuclear shells in the region of the hypothetical superheavy nuclei and their decisive
role in defining the limits of nuclear mass has received its experimental confirmation.
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Figure 31. Experimental cross sections (in arbitrary units) of the isotopes of element 114, produced
in the 3n- and 4n-evaporation channels of the 2#>24Pu + *3Ca reactions at different excitation
energies of the compound nucleus. The lines represent statistical calculations [137].

5.3. Reactions of synthesis

Some conclusions can be deduced about the mechanism of the Act. + *®Ca reactions used to
synthesize the listed new heaviest nuclides.

The two types of fission cross sections, ogp(E,) and orr(E, ), measured formerly in the
reactions Act. +*Ca, can be now directly compared to the total cross sections for evaporation
residues, defined as ogpyr(E;) = Xo,,(E,). It should be noted that the evaporation
residues from all the investigated reactions, observed in a relatively narrow energy interval
(E, — EMn < 20MeV), are mainly determined by the 3n- and 4n-evaporation channels.
The excitation functions, measured in experiments with “8Ca-projectiles and various targets,
have bell-type shape with maxima at the excitation energy, corresponding to the emission
of three or four neutrons and with full-width-at-half-maximum FWHM ~ 10 MeV—typical
for the process of neutron evaporation from a hot nucleus with a temperature ~1.5 MeV
(figure 31).

As a quantitative example we shall consider the 2**Pu + *8Ca reaction; all other reactions
practically reiterate this case.

The total cross sections for evaporation residues, measured in the fusion reaction
244pu + *8Ca at different excitation energies of the compound nucleus 2°?114, are presented in
figure 32(b). For comparison, similar data for the evaporation residues (the No isotopes),
produced in the 28Pb + “8Ca reaction, are given in figure 32(a).

As can be seen in figure 32(b), the maximum cross section for producing isotopes of
element 114, ogyr =~ 7pb, corresponds to the excitation energy E, =~ 42 MeV. The cross
section, measured with the CORSET setup for the same reaction at the same excitation energy,
is opr &4 mb. If we assume that at £, & 42 MeV, ocn ~ opp, then the ratio ogyr/opp gives
an estimate of the survivability factor of the compound nucleus 22114 of the order of P, ~
2 x 107°. In the reactions 2°2%Pb + 43Ca at E, = 42 MeV, the survivability of the compound
nuclei 2>*2°%No (see also graph (a)) is close to this value (Pg, ~ 107%).
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Figure 32. (a) Fission cross sections are denoted by squares (open [67], solid [68]) and evaporation-
residue cross sections (summed cross section of all evaporation channels) by circles (open [62],
solid [63]), measured in the 2°8Pb + 43Ca reaction at different excitation energies of the compound
nucleus 2°°No. (b) Cross sections o g (open squares), o gr (solid squares [87]) and o gyr (solid
circles [122, 123]) at different excitation energies E,, obtained in the reaction 244py + 48Ca. The
dotted curve is the cross section o gyr(E,) calculated assuming o pg = o cN (see the text). The open
circles denote the cross section o cN(Ey) calculated on the basis of the experimental cross sections
ogvr(Ey) assuming equal probabilities Py, (E,) for the excited nuclei 256No and 22114. In the
upper part of the figure, the effect of the orientation of the target nucleus in the touching point
is illustrated. The reaction Coulomb barrier, corresponding to the polar (B;) and the equatorial
(B») orientation of the target nucleus, as well as the Coulomb barrier for fusion of spherical nuclei
(Bgass) is indicated.

At the same time, at E, & 42 MeV, the cross sections ogyg for the isotopes of element 114
are about 500 times smaller than the cross sections of No isotopes. This difference is explained
by the fact that opr(E, = 42 MeV), measured in the 4Ca + Py reaction, is almost by a
factor of 100 less than that obtained for “8Ca + 298Pb. As it will be seen from the following, the
cross section for the compound nucleus 22114 may be even smaller. Then the probability of
its survival should be higher than the estimate done by assuming ocn(E,) =~ opp(E,). Such a
conclusion can be confirmed by using energies E, < 42 MeV.

In the *3Ca + 2%8Pb reaction when the excitation energy is decreased, the cross section
ogyr increases, due to the rise of the survivability of the compound nucleus 256No, and
reaches a maximum value at E;‘““ ~ 22MeV, which corresponds to the Coulomb barrier of
the reaction (figure 32(a)). The experimental excitation functions of the No isotopes from the
204,206-208pp 4 48Ca reactions are well reproduced by various statistical calculations assuming,
in first approximation, that ocn(Ey) & opr(Ey).

In the reaction ***Pu + “*8Ca, the situation is different. ~When approaching the
Coulomb barrier, the cross section for evaporation residues decreases significantly and, at
E;“i“ ~ 33MeV, ogyr becomes almost two orders of magnitude less than at E, ~42 MeV. If
in analogy to the reaction **Ca + 2%Pb we assume that ocn(Ey) ~ opr(Ey), then ogyr(Ey) 4
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can be calculated similarly as for No. As can be seen in figure 32(b), in this case the
calculated cross sections considerably differ from the experimental result. In the region
of E;“i“ A 33 MeV, the cross section ogyr(calc) is higher by a factor more than 10* than
ogvr (€xp); such a discrepancy cannot be eliminated by any variation of the parameters of the
statistical calculations. Obviously, the strong decrease of the evaporation-residue cross section
close to the Coulomb barrier of the >**Pu + *3Ca reaction is due to the difference between
the two seemingly connected processes—the formation of the compound nucleus and its
fission.

The shift by about 8—10 MeV in the direction of higher energies of the maximum of ogyr
relative to ™" is an extremely important circumstance, when it comes to choosing the incident
energy of the *Ca ions for the SHE synthesis experiments. The shift of ogyg (E,) relative to
the Coulomb barrier Bg, changes the ratio of the cross sections for xn-evaporation channels
and shifts the maxima of the excitation functions (especially those for small neutron number,
x = 2, 3) to the direction of higher compound nucleus excitation energies. This was seen in
the first experiments with the reactions **Pu + *8Ca and **3Cm + *®Ca at an excitation energy
of the compound nuclei 22114 E, = 35 MeV and ?°116 E, = 33 MeV close to the calculated
cross section maximum o 4,(E,). The experimentally measured values Q,(exp) and T,(exp)
were close to the expected for the even—even isotopes 288114 and 22116 (see table 3 and
figure 27). As a consequence, in the first (the most probable) interpretation of the data,
the chains k (figure 17) and 7 (figure 19), observed in **Pu, >*3Cm + “8Ca reactions, were
assigned to decays of the isotopes 23114 and °>116 [122, 129]. However, only after measuring
the excitation functions of all isotopes of elements 114 and 116, observed in the 42244py
245248Cm + *8Ca reactions, it was found out that they pertain to the even—odd nuclei 23114 and
293116, which are products of the 3n-evaporation channel shifted to higher excitation energies.

An explanation of such a shift in ogyr (E,) can be found in the shape of the interacting
nuclei [121].

In the fusion of the two spherical nuclei 208pp and *3Ca, the maximum opyg at E, & E;“i"
corresponds to the optimal conditions for formation of the compound nucleus >>°No and its
survival. In the fusion of the spherical *Ca with the deformed ***Pu nucleus (8, &~ 0.25), the
Coulomb barrier and the configuration of the heavy nucleus with summed mass at the moment
of its formation depend on the orientation of the target nucleus at the touching point. In the case
of ‘polar’ orientation, corresponding at the touching point to the maximum distance between
the centres of mass (charge) of the interacting nuclei, the Coulomb barrier is reduced relative to
the fusion barrier for spherical nuclei. This makes it possible to produce a nucleus with lower
excitation, but larger deformation in the initial stage of the fusion process. In contrast, in the
case of ‘equatorial’ orientation, corresponding to the minimum distance between the nuclear
centres, the Coulomb barrier increases relative to the former example by about 20 MeV, but
the produced nucleus has a more compact shape. All other configurations are intermediate
between these two extremes.

The quasi-fission reaction channels most probably occur at the earliest stage of collective
motion, when the heavy nucleus is still strongly deformed. The principal contribution to the
quasi-fission cross section at lower excitation energies (£, < 30-35 MeV) is from the ‘polar’
interactions of the colliding nuclei. Therefore, up to E, ~27 MeV, the dependence oqr(E)
or ostick (E,)is relatively weak, see figure 32(b). In contrast, as shown in [190] and in the
experimental studies of the reaction W(Ge, xn) [191], the more compact configuration in the
‘equatorial’ collisions, with higher probability reaches the final spherical shape and, therefore,
such collisions will be decisive for determining the fusion—evaporation cross section.

The observed dependence ogr(E,) is steeper than that of ogr(E,) and is shifted to higher
values of E,. If we assume that, compared with opp(E,), ocn(E,) corresponds to certain
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more strict selection of the target—nucleus orientation, we can obtain more realistic values of
ocn(Ey) and better agreement for all investigated Act. + 48Ca reactions.

It should be noted that the significant decrease of the ratio ogyg/ogr in the low energy
region means that the composite system, having acquired deformation close to the fission
barrier, can undergo fission by-passing the stage of formation of a compound nucleus [91]
(see figure 6(b)). In fact, this is a second limitation (of the quasi-fission type) on the path of
collective motion of the composite system towards the final stage of formation of a spherical
nucleus.

Continuing to consider the reaction >**Pu + “8Ca, we shall try, in first approximation, to
deduce the dependence ocn(E,) based on the experimental cross sections ogyr(Ey). At this,
we assume that the survivability Py, (E,) is the same for element 114 as for No. The resulting
ocn(Ey), obtained in this way, is shown in figure 32(b) by the dotted—dashed line. It is easy
to see that the curve ocn(E, ) is substantially steeper than ogp(E,). The ‘effective’ Coulomb
barrier in this case corresponds to almost the strict orientation of the target nucleus (0 & 90°)
with respect to the direction of the “®Ca-projectile. Therefore, the dynamic hindrances to the
formation of a heavy compound nucleus depend on the shape of the interacting nuclei and their
orientation at the point of contact. In the Act. + **Ca reactions this effect plays an essential
role (the influence of the different types of deformations on the fusion probability in Act. +
48Ca reactions has been considered separately in [192]).

On the other hand, at any energy, including E, > 42 MeV, ocn cannot exceed opp. Since
at E, ~42 MeV, Py, for the nuclei 2>°No and 2°?114 differ at most by a factor of 5 (at the level
of 1/Pgy ~ 10%), it can be assumed that their fission barrier heights are almost the same. If in
reality the cross section for the formation of the compound nucleus >°?114 is lower than shown
in figure 32(b), this would mean that Pg,(114) > Pg{No) and, hence, Br(114) > B;(No).
Since in nuclei with Z > 98-100 the appearance of a fission barrier is almost completely due
to shell effects, the presence of a high fission barrier in the 22114 nucleus is evidence of the
existence of the strong effect of the new shell in the deformation energy of the superheavy
nucleus.

Another issue is the dependence of the survivability of heavy nuclei on the shell effect.

In figure 33, the maximum cross section ogyr for the evaporation residues in the reactions
233238, 23TNp, 242244py, 243:248Cm and >*°Cf + *8Ca is presented as a function of the neutron
number of the compound nucleus. It can be seen that increasing the number of neutrons from
Nex = 169 (23U + #8Ca) to Nex = 172 (P'Np + *8Ca) and then to Ney = 178-180 (**Pu,
248Cm + *8Ca) the cross section oy rises by more than one order of magnitude. As mentioned
before, this change in ogyr (Nen) in turn indicates an increase in the survivability of the heavy
compound nucleus, which is mainly due to the increase of its fission barrier when approaching
the closed neutron shell N = 184 (see figure 11). This conclusion also follows from the
measured cross section ratios oy, /03,, which increase with Ny (for 221140y, > o3, and at
E, =54 MeV an event corresponding to the Sn-evaporation channel was observed [133]). Let
us recall that for all studied nuclei the fission barrier height is completely determined by the
nuclear shell effect. For this reason, the observed increase in the survivability of the excited
nuclei with neutron number appears to be, to our opinion, evidence for the existence of the
closed neutron shell in the region of N > 180.

But the advance towards neutron-rich nuclei in the reactions Act. + “®Ca is connected
with the increase of Zcny. One may assume that the proton shell Z = 114 also contributes to
the increase of the fission barrier (in the microscopic models HFB and RMF a similar effect is
expected for the nuclei with Z = 120, 124 or 126). According to the calculations, the effect of
the proton shell is substantially weaker than that of the neutron shell N = 184 and, moreover,
is less localized [37]. At the same time, as can be seen from figure 33, the cross section for
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Figure 33. Maximum cross sections ogyr as a function of Zcn and Nen, obtained on the basis
of the values of o ,(E,) measured in the reactions Act. + *3Ca, accounting for the experimental
and calculated widths of the excitation functions of the 3n- and 4n-evaporation channels (see
figure 31).

nuclei of element 118 in the reaction >*?Cf(*3Ca, 31)?°*118 turned out to be by almost one
order of magnitude less than that for elements 114 or 116 with close neutron numbers Ncx.
This difference is due to the choice of the lower incident “*Ca-projectile energy relative to the
calculated maximum of the 3n-channel of the 2*°Cf + *8Ca reaction (we tried to observe both
isotopes of element 118, which could be produced in the 2n- and 3n-channels).

It is also probable that the survivability of the compound nucleus >7118 (Ncy = 179) is
lower than that of the neighbouring nuclei—?%116 or 2°>114—because of the farther distance
from the shell Z = 114. Unfortunately, in this nuclear region and at poor statistics we
cannot make whatever definite conclusions about the position and influence of the proton shell
ZspurLL =114.

The results on the experimental investigation of the formation and of the decay properties
of nuclei, produced in Act. + 48Ca reactions, can be summarized as follows.

In the fusion reactions 238U, 242244py, 243 Am, 243246Cm and **Cf + *Ca, the evaporation
residues were observed with cross sections ranging from 0.5 to 5 pb depending on the mass
and atomic number of the compound nucleus. In the 233U + *Ca reaction only an upper limit
of the cross section o < 0.6 pb was obtained.

The small cross sections are connected with the competing quasi-fission channels and
selection of compact shapes (orientation of the target nucleus) in the early stage of the fusion
process. The excitation functions correspond to the evaporation of mainly three or four
neutrons from the excited nucleus, the maximum cross sections for evaporation residues are
observed at an excitation energy of about 40 MeV (hot fusion). The main loss is due to the low
survivability of the compound nuclei. However, the survivability increases with the neutron
number. This fact can be taken as a consequence of the rise of the fission barriers of the
heaviest nuclei when approaching the N = 184 shell.
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The atomic numbers of the heaviest elements with Z > 112 have been determined by
physical and chemical methods. It has been shown that the final product of the consecutive
five o-decays of element 115, and correspondingly four a-decays of element 113, is Db
(Z = 105)—the chemical homologue of W; while element 112, which is the product of «-
decay of element 114 (or consecutive two «-decays of element 116), is the chemical homologue
of Hg. The mass numbers of the isotopes of each element are determined by identification of
the evaporation reaction channels and the decay properties of the searched-for nuclei.

The evaporation residues undergo successive a-decays, which end by spontaneous fission.
For all a-transitions the energies and half-lives, as well as for spontaneous fission—half-lives
and fission fragment mean total kinetic energies, have been determined.

Together with the data from cold fusion reactions they evidence that the experimentally
determined decay properties of the heaviest nuclei, in general, are in good agreement with
modern microscopic nuclear models.

6. Perspectives

Relative to the 30-year old history of investigations on heavy nuclei in cold fusion reactions that
have led to the discovery of six new elements, the results obtained in Act. + *8Ca reactions
are the next step in the synthesis and studies of the properties of new, heavier elements.
Reproducing them in other experiments is, in our opinion, of great interest. The neutron-
rich and rather long-lived nuclides, produced with cross sections of few picobarns in Act. +
48Ca reactions, are unique objects whose nuclear structure, decay modes, spontaneous fission,
atomic and chemical properties have to be studied. All fields of investigations can advance,
if a way to increase the production rate of nuclei is found. This task is connected with the
improvement of the experimental techniques and the search for new possibilities to produce
and study the sought-for nuclei.

When the situation is considered from the point of view of the present state of art, we
should note that it is technically possible to increase the intensity of the **Ca beam up to 5—
10 putA, a factor of 5-10 greater than the present value. Perhaps, this is also not the limit of
modern accelerators. The targets used at DGFRS, with some modifications, are capable of
accepting such beam intensities.

Another issue is the separation of the looked-for nuclei from all other reaction products.
As can be seen from table 3, the half-lives of odd-N isotopes of elements 112—114 are of
the order of 0.5 s < T/, < 30 s. Therefore, super-fast ‘in-flight” methods of separation are
not necessary for them as was the case with short-lived EVRs of cold fusion reactions. For
the separation of the volatile atoms with Z > 112 (see the experiments on the chemistry of
element 112), not as fast, but more efficient ‘on-line’ mass separation methods can be used.
In this way, it could become possible to increase the yield of the new nuclei by using targets
up to 1.5 mg cm~2 thick (instead of the 0.35 mg cm~2 used now at DGFRS) and to improve
the transmission of the separator. A setup of a new type based on this principle—MASHA
(mass analyser for superheavy atoms [193])—is now being used for ‘off-line’ separation of
heavy nuclides. In the ‘on-line’ mode of operation it will let us obtain evaporation residues
with adjacent masses and will let us perform simultaneous separation of parent and daughter
(granddaughter) nuclei with the measurement of their mass with accuracy better than 0.1 amu
[194].

The separation of the isotopes with 77, > 1 s may also be carried out by means of express
chemical methods. The experiments aimed at the study of the chemical properties of element
112, performed with the isotope 2*3112 (T, & 3.5 s) [172], will be continued with another
longer lived nuclide—?%112 (7} 2 & 30 s), which is produced in the 3n-evaporation channel
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of the >**Pu + *8Ca reaction. As was pointed above, such a technique with some modifications
can also be used for the study of the chemical properties of element 114 (33?114, T, ~ 3 s).

Of certain interest are the investigations of the spontaneous fission of the relatively long-
living isotopes 2*’Rf (Tsg ~ 1.5 h) and Db (T}, ~ 1 d), and the isotopes of element
21110 (Tgg &~ 11 s), which terminate the decay chains of 289114 and 23116 (see figure 25).
Highly perspective from this point of view is the synthesis of element 117 in the 2*’Bk(*}Ca,
3—4n)**293117 reaction. The products of successive a-decays of the evaporation products of
this reaction—the isotopes of elements 105—115—have two more neutrons compared to the
nuclei in the decay chains of the isotopes 237-2%8115, obtained in the reaction >*Am + “Ca.

All this in general, the increase of the luminosity of the experiments and the application of
high-efficiency separation methods of evaporation products, will make it possible to increase
the detection rate of observed nuclei with Z = 110-116 by almost two orders of magnitude.
The increase in the yield will let start spectroscopic studies, including the measurement of the
low-lying levels of odd isotopes, which can be directly compared to the predictions of various
models.

As it seems to us, this is the closest perspective.

A long-term perspective, less clear, is connected with the production of long-lived nuclei
and with the advance to the region of still heavier elements. At present, the reactions Act. +
48Ca seem to be most efficient, if not the only ones, for the production of nuclei with highest
mass.

However, the reactions Act. + *Ca have their own limitations—they cannot let us advance
further than the isotopes of elements 114 and 116, situated 9—7 neutrons away from the N =
184 shell. At the same time, according to the theoretical expectations and the experimental
data from the *®Ca-induced reactions, we have every reason to assume that with the further
increase of the neutron number in the isotopes of elements with Z > 110 their half-lives will
substantially increase. Unfortunately, the limit on the neutron excess in the compound nucleus
(Nen = 180) and correspondingly in the products of the 3n- and 4n-evaporation channels of
the fusion reaction *Cm + *8Ca cannot be overcome since **’Cf is the heaviest target material
available for this purposes. In principle, the desired result can be reached in the isotopes with
Z >118, which are produced in the fusion reactions of >**Pu and 2*%Cm nuclei with heavier
projectiles, such as ®Fe or ®Ni, leading to the formation of still heavier elements with Z =
120-124 and N = 179-183, respectively. However, the attractive possibility of obtaining
nuclei close to the neutron N = 184 shell again requires studies of the reaction mechanism
so as to provide realistic estimates of the probability of producing compound nuclei in such
reactions.

At the same time, the setting up of such experiments, taking into account the mentioned
possibilities to increase the experimental luminosity, seems to be very important as a test for
theory, where the different predictions of the nuclear properties in the vicinity of the spherical
neutron shell N = 184 are most striking. This is illustrated in figure 34 by the experimental
values of Q,(exp) for the Po isotopes (Z = Zgygy1 + 2) and the calculations in various models,
performed for the isotopes of element 116 (Z = Z;14 + 2). At crossing the neutron shell N =
126, the energy Q, changes by AQ, ~ 4 MeV, whereas the half-life T,(exp) by a factor
10'°. In the MM-model, as can be seen from the figure AQ, ~ 1.1 MeV [187], the expected
T,(th) change by a factor ~103. A considerably stronger neutron shell effect follows from
the calculations within the HFB-model, where for Z = 116, AQ, ~ 2.2 MeV [185]; here,
when approaching N = 184, a significant increase of the half-lives is expected compared to the
MM-model. It can be seen from the figure that the decay properties of the isotopes, produced
in the reaction 242*Cm + *%Ca (N = 174-177), are not sensitive to these variations in the
expected properties of nuclei with N > 180.
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Figure 34. Decay energy Q, as a function of the neutron number N in units of N-Ngygr. The
black points denote O (exp) on the left scale for the Po (NsggL1 = 126) isotopes, the black squares
denote Q,(exp) on the right scale for the isotopes with Z = 116 (Nsygrr. = 184), produced in
the reactions 245248Cm + 48Ca [121, 123]. The open circles and squares are the calculated values
Q4 (th), obtained in the framework of the MM- [187] and HFB- [185] models, respectively. The
curves through the experimental and theoretical points are drawn to guide the eye.

Another possibility is the use of neutron-rich radioactive nuclei as beams. Among them
of definite interest is the doubly magic nucleus '¥2Sn (7} 2 = 39 s); in the fusion with stable
nuclei, for instance with '74170Yb, it could lead to compound nuclei with Zcy = 120 and
Ncn = 186, 188. However, the ~1.5-fold increase of the Coulomb repulsion in symmetric
reactions, compared to the Act. + 48Ca ones, will enhance the hindrance to the formation of a
compound nucleus. As long as the calculation of these limitations is very uncertain, it seems
reasonable to estimate them using test reactions with known nuclei. One of the symmetric
reactions—'3*Xe('3Xe, xn)>’>~*Hs—seems to be suitable for this purpose. More details on
the motivation and the setting of such an experiment can be found in [195].

6.1. Search for superheavy elements in nature

The problem of reaching the very long-lived nuclei with high neutron excess is connected
with of the issue of nucleosynthesis in the region of the heavy and superheavy elements. The
possibility of elements heavier than 238U to exist in nature has been the subject of discussions
for many years within various theoretical concepts [196-204]. The search for heavy elements
in natural samples and in cosmic rays in the 1970s and 1980s was one of the extensive
experimental investigations (see the review papers [55, 205] and references therein). In all
experiments only upper limits of the superheavy element concentration in the studied samples
have been determined. We do not plan to discuss this topic in general (it can be the subject
of a separate investigation). We shall consider only the basic ideas and the results of these
investigations from the point of view of the expected nuclear properties, as given by the data
from the artificial synthesis of the heaviest nuclides.
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Since, in general, the mechanism of the nucleosynthesis of medium and heavier nuclear
masses up to uranium has different interpretations, the model calculations of the r-process
leading to the formation of nuclei with Z > 92, depends to a great extent on the strength of
the neutron shell N = 184 and on the assumed temperature and density of the neutron flux
[206-208]. For instance, calculations of the r-abundance of the heavy elements, analysed in
[209] and based on the nuclear binding energies from models such as the extended Thomas—
Fermi plus Strutinsky integral (ETFSI) [210] or HFB in various versions [211-213], point to
the formation, together with Th and U, of nuclei with mass A > 238 (up to mass numbers A ~
290). It is noteworthy that in the experiments, performed in the 1970s and 1980s and aimed
at the search for superheavy elements in nature and in cosmic rays, with the exception of
finding ultra-small quantities of >**Pu in rocks [214], no long-lived nuclides with Z > 94 were
found.

At that time, the experiments on the search of long-lived isotopes among the heaviest
elements—the products of the nucleosynthesis—were motivated by the quite optimistic
forecasts about their extremely high stability (77,2 > 10° years). When choosing the objects
of such studies, it was assumed that the most stable nuclei were located in the vicinity of
the closed shells Z = 114 and N = 184 [55, 205], where the maximum shell effect was
expected. However, as it follows from modern microscopic models (their agreement with
the experimental data was demonstrated above), in this nuclear region the calculated values
of T, amount to only 10°-10° s [7, 215-217]. A noticeable increase in T, and Tsr may be
expected in the region of nuclei with Z < 110, which has not yet been looked for. At the
same time, in nuclides with Z < 110 the approaching of the closed N = 184 shell leads
to loss of stability relative to B~ -decay and the search for our objects—nuclei with longest
half-lives—is determined by the probability of the three types of decays: «, 8 and SF. This
situation is illustrated in figure 35 for the isotopes of element 108.

According to calculations [7], the partial half-lives T,, and T’ for the magic nucleus >*’Hs
are about 2 x 10° years and Tsg ~ 3 x 10* years, respectively. However, as it follows from the
same calculations, the neutron-rich nucleus >*’Hs is unstable with respect to f~-decay. When
approaching the region of N < 184 (*%¢Hs is the heaviest f~-stable isotope), the stability of
the nucleus relative to a-decay and SF is considerably reduced (figure 35), not leaving any
chance to be observed.

At the same time, all above-mentioned arguments are based on the rather controversial
different model predictions on the detailed decay properties of extremely neutron-rich nuclei.
This concerns in the first place the spontaneous-fission half-lives, which are estimated with the
highest uncertainty and strongly differ from model to model. In spite of the minute chances
for success, it seems reasonable to perform the investigations in the region Z < 110, but with
considerably increased experimental sensitivity.

Considering different nuclei as an object for such studies, it turns out that for element
108—Hs, the chemical homologue of Os, an extremely high sensitivity can be reached when
searched for in natural samples and cosmic rays [218]. Given the same chemical behaviour of
Hs and Os, which was demonstrated experimentally [154], the search for rare decays may be
undertaken with a natural sample of Os, where atoms of Hs can be present. Leaving aside the
open question about the half-life of the long-lived B~ -stable isotope of Hs, we may assume
that it will directly undergo SF or SF will be observed for the product of its a-decay. In any
case, as a first step, it seems reasonable to register rare events of spontaneous fission.

Spontaneous fission in the initial Os sample (up to 1 kg) can be registered by the outburst
of prompt fission neutrons. For the nuclei with Z = 106—-108, the estimated average neutron
number per fission is v & 4.5-6.0 [5] (see also the measurement of v & 4.2 in the spontaneous
fission of 2°Db / 268Rf [126]). The construction of the neutron detector for such measurements
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Figure 35. Calculated values of partial half-lives T, (th) of the isotopes of elements 108 and 114
together with Tsr (Z = 108), obtained in the MM-model in [7, 39]. Circles and squares denote
experimental values T, (exp), obtained in cold fusion reactions and in the Act. + 48Ca reactions for
the isotopes of elements 108 and 114, respectively. The limiting value of the half-life is shown for
the B-stable nucleus 28°Hs according to the data from measurements of rare events of spontaneous
fission from the metallic Os (500 g) sample during a period of about 1 year (see the text).

is similar to the setup used for registering the spontaneous fission of 28Db/?%®Rf in the
chemical experiment (see above). In order to exclude the background of neutrons arising from
the interaction of cosmic fast muons, the detector has been placed in the underground laboratory
in Modane (France), protected by a 4000 m water-equivalent layer. In such conditions, with
the efficiency being ~ 60% (for three or higher fold coincidences), it is possible to detect rare
SF-decays with counting rate up to 1 SF/year. Assuming that the half-life of Hs is 77, =
10° years, the observation of 1 SF/year corresponds to the content of Hs in Os of about 5 x
107 g gt or 5 x 10%* g g~! in the Earth’s crust. Such a concentration is approximately a
factor of 10'® lower than the abundance of >*3U. On the other hand, given the intensity of the
flux of cosmic Os and 233U [219], it can be shown that the observation of 1 SF/year from a
500 g—Os sample corresponds to a ratio of the intensities Hs /33U ~ 107>.

Such an experiment has been now running for more than 340 days (it will be continued
for about 2 years). If we assume that the r-process leads to the formation of heavy nuclei with
mass up to A ~ 290 [220] in the ratio Hs/U > 0.1, then given the remoteness of the cosmic
ray sources ~10%cm and the velocity of the heavy nucleus v A 0.2c, the preliminary results
of this experiment let us determine the upper limit of the half-life of the long-lived isotope of
element 108 as 77> < 5 x 10* years (as shown in figure 35).

In spite of the high sensitivity of this particular experiment, exceeding all earlier attempts
to observe superheavy nuclei in natural samples or in cosmic rays, the search for the most
long-lived nuclei again makes us turn to the artificial production of superheavy elements.
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